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PREFATORY  NOTE. 


The  monographs  contained  in  the  following  pages  arc  the  results 
of  such  investigations  as  reached  a  successful  conclusion  during  the 
tiisi  year  of  the  existence  of  the  laboratory.  The  first  of  them  is 
essentially  a  thesis  accepted  by  the  university  for  the  degree  of  Ph.D. 

In  the  computation  of  results  it  was  not  deemed  advisable  during 
the  first  year  of  our  work  to  depart  from  the  usual  psychological 
method  of  taking  the  average  deviation  (or  mean  variation)  as  the 
mean  of  the  absolute  differences  of  the  observed  values  from  the 
arithmetical  average  of  the  observations.  MY  means  the  same  as 
in  most  other  psychological  publications,  i.  e. 


MY 


n 


where  /•,,  /•.,,  .  .  .,  v„  are  the  differences  of  the  single  observations 
from  their  average,  taken  without  regard  to  sign,  and  )t  is  the  num- 
ber of  observations.  We  propose,  however,  in  the  future  to  follow 
with  such  modifications  as  necessary  the  methods  of  the  science  of 
measurement  as  developed  by  Gauss.  The  sign  a  means  thousandths 
of  a  second. 


INVESTIGATIONS  IN  REACTION-TIME  AND  ATTENTION 


BY 


Charles  B.  Bliss,  Ph.D. 


Introduction. 

The  work  described  in  the  following  pages  occupied  the  greater 
part  of  my  time  during  the  academical  year  1892-93.  As  I  was 
the  first  to  carry  on  such  experiments  in  the  Yale  psychologi- 
cal laboratory,  a  large  part  of  my  fall  term  was  spent  in  preparing 
the  apparatus  and  in  developing  a  method  which  should  serve  for 
all  future  experiments.  The  result  is  a  method  for  measuring 
reaction-time  which  is  in  some  parts  entirely  new.  In  operation 
it  is  simple  and  accurate,  having  been  built  up  step  by  step  as  the 
needs  required.  In  the  hope  that  the  whole  or  parts  of  it  will  be  of 
value  to  other  laboratories,  the  description  has  been  made  as  com- 
plete as  seemed  necessary. 

In  the  experimental  part  of  the  work  I  am  especially  indebted  to 
the  following  persons  for  valuable  time  which  they  have  spent  in 
the  reaction -room.  To  Messrs.  Thomas  J.  Lloyd,  William  I.  Cran- 
ford  and  Joshua  A.  Gilbert  of  the  Graduate  Department,  and  to 
-Mr.  Joseph  Roby,  a  member  of  the  senior  class  in  Yale  College. 

During  the  second  term,  Abraham  Fisher,  the  laboratory  steward, 
recorded  all  the  experiments,  thus  leaving  me  free  to  do  my  own 
reacting.  The  advantage  of  doing  my  own  introspective  observing 
was  an  important  one. 

Dr.  Scripture  not  only  suggested  the  first  problem  but  has  always 
been  ready  to  assist  me  in  carrying  out  the  experiments  and  in 
arranging  the  apparatus.  In  fact,  parts  of  the  apparatus  were  in- 
vented by  him.  One  line  of  research  was  carried  out  at  the  sugges- 
tion of  Professor  I, add,  who  has  always  shown  a  kindly  interest  in 
my  work. 

In  the  drawing  of  the  diagrams  valuable  suggestions  were  received 
from  Mr.  Walter  I.  Lowe,  a  member  of  the  Graduate  Department. 
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Investigations  in  reaction-time  and  attention. 

Aim-  \i:  \  i  i  s. 

Apparatus  for  measuring  reaction-time  must  furnish  some  means 
forgiving  the  reactor  a  stimulus  and  for  measuring  the  interval  of 
time  between  the  moment  in  which  the  stimulus  is  given,  and  thai  in 
which  the  reaction  takes  place.  The  time-measurement  must  be 
accurate  t<>  thousandths  of  a  second  and  the  person  experimented 
upon  must,  so  far  as  possible,  be  free  from  all  influences  which  would 
distract   his  attention. 

Tin-  lasl  requirement  was  met  by  placing  the  reactor  in  a  sepa- 
l-ate room,  so  constructed  as  to  be  free  from  lighl  and  sound.  In  the 
center  of  the  building  a  room  was  finished  off,  twelve  feel  long,  nine 
feel  wide  and  nine  feel  high.  Inside  of  this  room  a  smaller  one  was 
constructed  with  a  door  and  ventilator  corresponding  to  those  of  the 
outer  room.  This  inner  room  was  supported  on  thick  cushions  of 
felt  and  rubher,  the  only  connection  with  the  outer  room  being 
heavy  canvas  around  the  doors  and  the  ventilators  for  the  purpose 
of  holding  back  the  sawdust  with  which  the  space  between  the  two 
walls  was  tilled.  The  door  was  likewise  made  double  with  beveled 
edges,  like  a  sate  door,  so  that  it  shut  tightly  against  the  canvas 
connecting  the  two  rooms.  A  thick  mat,  made  of  hair  felt  and  cov- 
ered with  cloth,  was  hung  up  over  the  door  on  the  inside.  This 
acted  like  a  heavy  curtain  to  check  any  sounds  which  might  creep  in 
around  the  door. 

During  the  experiments  the  door  of  the  dark  room  was  not  shut 
more  than  fiveorten  minutes  at  a  time.  For  that  period  the  ven- 
tilator could  he  kept  (dosed  without  producing  any  had  effects.  In 
the  case  of  longer  experiments  it  is  proposed  to  open  a  ventilator  in 
the  floor  and  pass  a  current  of  air  through  the  room  by  means  of  a 
blower.  Tin  ventilators  can  then  he  packed  with  woo]  or  some  other 
material,  which  will  allow  the  passage  of  air,  but  effectually  shut  out 
all  sound.  The  experiments  described  in  this  paper  were  all  taken  in 
the  winter,  and  the  temperature  of  the  room  was  the  Same  as  that  of 
the  resl  of  the  building.  W-vx  loud  sounds  in  adjacent  rooms  can 
still  be  heard  in  the  reaction-room.  Heavy  wagons,  which  occa- 
sionally pass  along  the  street,  jar  the  whole  building  and  with  it  this 
room  :  the  shaking  can  he  felt  but  not  heard.  When  the  adjacent 
room-  are  kept  quiet,  tin-  read  ion-room  i-  U~w  from  sound.  The 
reactor  is  thus  practically  removed  from  all  external  disturbances  in 
sight  or  hearing. 

There  are  two  methods  in  use  for  measuring  intervals  of  time  to 
thousandths  o\  a  second,  the  graphic  method  and  thai  of  the  chrono- 
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scope.  The  Hipp  chronoscope  is  t  he  most  perfect  piece  of  mechanism 
thus  far  constructed  for  recording  such  short  intervals  of  time  on  a 
dial.  An  immense  amount  of  time  and  labor  has  been  spent  in  per- 
fecting this  chronoscope  and  in  investigating  its  accuracy.  In  its 
most  perfect  form  there  is  always  a  very  large  error  in  the  results  as 
they  are  read  off  from  the  dial.  This  error  depends  on  the  relative 
strength  of  the  electric  current  passing  through  it  and  that  of  a 
spring  which  pulls  back  the  armature  when  the  circuit  is  broken.  A 
control-apparatus  must  be  used  which  consists  of  a  hammer  so 
arranged  that  it  can  be  made  to  fall  certain  distances.  The  time 
required  for  this  fall  is  carefully  measured  by  the  graphic  method 
and  the  spring  of  the  chronoscope  adjusted  until  the  chronoscope 
itself  measures  the  time  of  fall  with  the  same  result.  Other  times 
arc  accurately  obtained  by  correcting  the  recorded  results.  The 
chronoscope  in  one  of  its  forms  is  then  accurate  only  for  times  of 
about  that  Length.  G.  E.  Muxleb  claimed'  that  Miinsterberg's 
experiments  contain  a  large  error  even  though  he  had  corrected 
his  chronoscope  by  a  control-hammer.  That  particular  hammer 
was  made  to  correel  the  chronoscope  for  intervals  of  160  thou- 
sandths of  a  second,  whereas  many  of  Miinsterberg's  experiments 
gave  times  as  high  as  half  a  second.  Although  Munsterberg  seems 
to  have  avoided  the  error  supposed,  yel  the  danger  is  evident.  A 
more  elaborate  control-hammer  has  been  constructed  by  Wundt." 
By  means  of  this  hammer  correct  times  can  be  given  up  to  616 
thousandths  of  a  second.  The  mean  variation  of  this  hammer  in 
200  experiments  was  L.04  thousandths  of  a  second.  The  mean  varia- 
tion of  chronoscope  and  hammer  combined  was  also  1.04ff.  This, 
tiic  best  result  which  has  yet  been  obtained  from  the  chronoscope, 
is  ten  times  as  great  as  the  mean  variation  of  the  graphic  method  in 
its  simple  form.3 

In  the  graphic  method  a  tuning-fork,  kept  in  constant  vibration  by 
a  current  of  electricity,  is  allowed  to  trace  a  curve  on  a  revolving 
drum  covered  with  smoked  paper.  This  gives  a  representation  of  a 
period  of  time  divided  according  to  the  rapidity  with  which  the  fork 
vibrates.  Using  a  fork  which  vibrates  one  hundred  times  a  second 
the  drum  is  revolved  with  such  rapidity  that  the  single  waves  are  so 
long  that  we  make  no  error  in  estimating  tenths  of  a  vibration  and 
SO  reading  the  results  in  thousandths  of  a  second. 

1  Gottingische  gelehrte  Anzeigen,  1891,  p.  398. 

2  Kulpe  and  Kirschmaxx.  Eia  neuer  Apparat  zum  Controle  zeitmessender  In- 
struments, Phil.  Stud.  1892  VII  14.""). 

3  Wundt,  Physiol.  Psych.  3  ed.  II  282. 
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Now,  given  thi>  tuning-fork  curve,  all  thai  is  needed  is  some 
method  of  registering  alongside  of  it  the  exact  instants  al  which  the 
stimulus  :ui(l   tin."    reaction  occur.     Fig.    l   shows  the  usual  way  in 


Fig.  1. 
which  this  is  done.  The  upper  curve  is  drawn  by  the  recording 
poinl  of  a  tuning-fork  which  vibrates  one  hundred  times  a  second. 
The  other  two  lines  arc  drawn  by  electro-magnetic  time-markers. 
The  current  passing  through  one  passes  also  through  the  key  whose 
closing  produces  the  stimulus.  The  current  through  the  other  passes 
through  a  key  in  the  reaction -room.  The  movement  of  each  key  is 
thus  recorded  by  a  break  in  the  straight  line  drawn  by  it-  time- 
marker.  These  points  are  then  transferred  to  the  tuning-fork  curve 
by  dropping  perpendiculars  from  the  points  to  the  curve.  The 
measure  of  the  time  which  has  elapsed  between  the  movement  of 
the  two  key-  can  then  he  counted  off   on  the  t ime-curve. 

The  objection  to  the  use  of  this  method  in  making  a  large  number 
of  experiments  is  that  it  takes  a  long  time  to  drop  the  perpendic- 
ular- and  that  great  variable  errors  are  likely  at  the  two  point-. 
These  errors  are  increased  by  the  fact  that  the  time-markers  must  be 
adjusted  SO  that  they  shall  both  touch  the  drum  in  the  same  per- 
pendicular line.  .Moreover,  the  latent  times  of  the  markers  may  not 
1m-  the  -.line. 


Fig.  2. 
An  improvement  upon  this  method  has  been  made  by  doing  away 
with  one  of  the  markers.  The  same  current  is  passed  through  both 
keys  and  through  one  time-marker.  Fig.  2  show-  a  measurement 
made  by  this  method.  Closing  the  stimulus-key  draws  the  lever  of 
the  marker  toward  its  magnet,  making  a  break  in  the  straight  line. 
Opening  the  key  in  the  reaction-room  breaks  the  circuit  and  allows 
the  lever  to  fly  hack  again,  thus  making  a  second  break  in  the  same 
-traiirht  line.  These  two  point-  are  transferred  to  the  time-curve 
and   the  interval  is  counted  off  as  before.     The   result   i-  that   the 
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number  of  lines  on  the  smoked  paper  is  reduced  by  one-third,  allow- 
ing more  experiments  to  be  taken  on  the  same  paper  and  making  the 
records  easier  to  count.  But  more  important  than  this  is  the  fact 
that  one  large  source  of  error  is  removed.  The  accuracy  of  the 
result  no  longer  depends  on  the  adjustment  of  the  two  markers  so 
that  they  shall  touch  the  drum  in  the  same  horizontal  line. 

The  latent  time  for  the  two  movements  is  generally  different. 
And  there  still  remains  an  error  and  a  great  loss  of  time  in  trans- 
ferring the  two  points  to  the  time-curve.  What  is  wanted  is  some 
means  of  registering  the  interval  directly  upon  the  curve  itself. 
This  has  been  accomplished  after  trial  of  various  methods.  The 
first  suggestion  was  to  arrange  an  apparatus  so  that  the  stimulus- 
key  when  it  was  closed  should  start  the  curve  and  the  reaction-key 
stop  it  by  being  opened.  This  was  done  by  taking  the  fork  from 
the  drum  and  replacing  it  by  one  of  the  electro-magnetic  markers. 
The  current  was  run  through  the  tuning-fork,  the  time-marker  and 
the  reaction-key,  but  it  was  short-circuited  through  the  stimulus-key. 


Fig.  3. 

As  loiiir  as  the  stimulus-key  remained  untouched,  the  marker  did 
not  vibrate:  but  as  soon  as  it  was  touched,  the  record  began.  When 
the  reaction-key  was  pressed,  the  entire  circuit  was  broken  and  the 
record  ceased.     Such  a  record  is  shown  in  fig.  3. 

At  first  Bight  this  might  appear  to  solve  the  problem  but  a  closer 
examination  shows  that  this  is  not  the  case. 

Fi<r.  4  Bhows  the  way  in  which  the  Pfeil  marker  works.  ]>  is  the 
battery,  F  the  tuning-fork,  M  an  electro-magnet,  S  a  steel  armature 
which  servo  as  a  spring  ;  the  lever  is  attached  at  O.  This  lever 
swings  on  a  pivot  at  H;  when  the  circuit  is  complete  the  vibration  of 
The  fork  alternately  makes  and  breaks  the  current  at  X.  As  soon  as 
jt  is  made  the  coil  in  the  fork  becomes  a  magnet,  pulls  the  prongs 
inward  and  breaks  the  circuit.  This  demagnetizes  the  coil,  the 
prongs  fly  hack  and  the  process  is  repeated  indefinitely.  But  when 
the  current  is  closed  at  X,  the  magnet  M  draws  down  the  arma- 
ture and  its  lever.  When  the  current  is  broken  in  the  fork  the 
armature  Hies  hack  carrying  the  lever  with  it.  Thus  the  point  P 
vibrates  in  unison  with  the  fork. 
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Lei  CDE  be  a  section  of  the  curve  which  would  be  traced  l>\  the 
marker.  Prom  C  to  l>  the  motion  of  the  point  comes  from  the 
Bpring  thai  causes  the  armature  to  fly  back.  From  I>  to  E  the  mo- 
tive force  is  ;i  combination  of  the  spring  and  the  magnet.  Now  it' 
the    Stimulus-key,    which    Starts    tin-    current    through    the    marker,  is 

•  0  7 

opened  between  C  and  D,  no  effecl  will  be  produced  until  the  point 
D  is  reached  for  no  current  is  passing  through  the  circuit.  There- 
fore the  chances  arc  one  iii  two  that  the  beginning  of  the  movement 
will  be  too  late  1>\    anywhere  from  <>  to  5ff,  the  section  of  the  curve 

•  * 

from  ('  to  E  being  10°  with  a  tuning-fork  which  vibrates  LOO  times  a 
second. 


K 
Fig.  4. 

At  the  end  of  the  interval  the  ease  is  not  quite  so  clear.  If  the 
reaction-key  breaks  the  circuit  between  ('  ami  D,  there  will  he  no 
effect  until  the  point  D  is  reached.  But,  unlike  the  beginning,  the 
effect  will  not  he  shown  at  D.  For,  when  the  marker  is  in  motion 
the  motive  force,  between  D  and  E  is  a  combination  of  the  spring 
and  the  magnet.  Near  Dthespring  is  stretched.  The  tension  grad- 
ually decreases  passing  from  a  positive  to  a  negative  quantity  some- 
where below  the  middle  point,  while  the  force  of  the  magnel  grad- 
ually increases  the  nearer  the  armature  approaches  it.  Therefore  the 
effect  of  a  break  in  the  current  i<  not  shown  until  the  magnetic 
component  of  the  motive  force  reaches  a  certain  strength  in  propor- 
tion to  that  of  the  spring  before  it  is  interrupted.  Suppose  that  this 
take-  place  when  three-fifths  of  the  distance  T)H  have  been  passed 
over,  then  the  chances  are  seven  t<>  ten  that  the  end  of  the  interval 
will  In'  registered  anywhere  from  0  to  ~c  too  late. 

In  a  large  number  of  experiments  these  errors  at  the  beginning 
ami  end  would  partially  balance  each  other.  bu1  their  presence  would 
still  he  shown  by  the  large  mean  variation.  The  beginnings  would 
on  the  average  he  1.25°  too  late  and  the  end-  too  late  by  2A5a.  In 
a -mall  number  of  experiments  the  results  are  not  accurate  beyond 
hundredths  of  a  second.  By  using  a  fork  which  vibrates  500  times 
;(  second,  the  error  would  he  reduced  to  2a  and  by  using  a  fork 
vibrating    2000    times    a    second,  tin-    method    would    he    accurate    to 
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thousandths  of  a  second.  This  however  is  impossible  since  the  time- 
markers  are  not  delicate  enough  to  record  such  rapid  vibrations. 
Even  if  they  were,  the  task  of  counting  so  many  wave-lengths  would 
render  the  method  of  no  practical  use. 

The  next  step  was  to   arrange   the   apparatus  so  that   the  time- 
marker  vibrated  continually  in  unison  with  the  tuning-fork,  but  yet 


Fig.  5. 


so  that  closing  the  stimulus-key  sent  an  additional  current  through 
the  time-marker,  which  additional  current  was  released  by  opening 
the  key  in  the  reaction-room.  The  result  is  shown  in  fig.  5. 
Durino-  the  interval  to  be  measured  the  vibration  of  the  marker 
continues  in  a  different  line  from  that  of  the  normal  time-curve. 
Here  we  have  the  beginning  and  end  of  the  interval  accurately 
marked.  By  adjusting  the  strength  of  the  two  currents  and  the 
rapidity  of  the  drum,  this  method  will  probably  be  quite  successful. 
If  so,  it  will  be  superior  to  any  other  method  heretofore  used.  It  is 
possible  however  only  with  the  Pfeil  marker  which  has  a  Steel  spring 
as  shown  in  fig.  4  ;  for  it  consists  in  a  partial  magnetization  of  the 
electro-magnet  which  draws  the  spriag  part  way  but  still  leaves 
room  for  it  to  be  affected  by  the  current  passing  through  the  tuning- 
fork. 

This  method  was  not  used  in  the  following  experiments  for  the 
reason  thai  a  much  better  plan  suggested  itself.  Instead  of  trying 
to  change  the  curve  to  mark  the  beginning  and  end  of  the  interval 
the  apparatus  was  so  arranged  that  closing  the  stimulus-key  broke 
the  primary  current  of  a  spark-coil  and  sent  a  spark  from  the  tuning- 
fork  to  the  metal  drum  through  the  smoked  paper.  Opening  the 
key  in  the  reaction-room  likewise  broke  the  same  current  and  sent 
another    spark  through  the  smoked   paper.      Fig.    6    gives    a   speci- 


Fig.  6. 

men  record  taken  by  this  method.  Here  we  have  both  ends  of  the 
interval  marked  exactly,  there  is  no  time  lost  and  no  error  arising 
from  transferring  the  interval  to  the  time-curve  or  in  adjusting  the 
markers  on  the  drum. 
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The  question  now  arises  whether  the  spark  occurs  at  the  exact 
time  the  primary  circuit  of  the  spark-coil  is  broken.  In  a  large 
dynamo  the  -park  might  be  delayed  several  seconds,  bul  in  a  small 
coil  such  as  is  used  for  this  purpose  there  is  no  delay  sufficient  to 
affect  the  result.  Fig.  7  is  one  of  a  series  of  experiments  made 
'"  test  this  point.  The  time-curve  represents  hundredths  of  a  second. 
Thestraighl  line  was  drawn  by  a  pointer  attached  to  the  lever  of  a 
key.  the  least  motion  of  which  broke  the  primary  current  of  the 
Bpark-coil,  sending  a  spark  from  the  key  to  the  drum  through  the 
-m. iked  paper.     None  of  these  experiments  show  any  latent  time. 


Fig.  7. 

Even  if  there  were  a  latent  time  which  could  be  detected  by  read- 
in-  to  ten-thousandths  of  a  second,  that  would  not  affect  the  relia- 
bility  of  measurements  taken  by  this  means.  For  the  same  coil, 
under  the  same  condition-,  this  latent  time  would  remain  constant. 
The  spark  which  marks  the  end  of  the  interval  would  he  delayed 
just  as  much  as  the  -park  which  marks  the  beginning;  the  interval 
between  the  two  would  be  exactly  the  same  as  though  both  sparks 
were  in  their  proper  places. 

Presupposing  the  accuracy  of  the  tuning-fork,  this  method  is  ab- 
solutely  accurate  to  thousandths  of  a  second.  In  counting  the 
records  one  tall-  into  the  habil  of  counting  by  threes,  making  use  of 
the  psychological  fact  that  three  things  can  be  kept  in  consciousness 
at  the  -ante  time  i-  easily  a-  one.  In  this  way  a  paper  containing 
twenty-two  record-  of  simple  reaction-time  can  be  counted  in  four 
minutes.  This  is  a  much  shorter  time  than  is  required  to  record  the 
readings  of  the  Hipp  chronoscope  and  correct  them  for  the  variable 
error. 

The  only  justification  for  the  use  of  the  chronoscope  lie-  in  the 
supposition  that  it  saves  time.  The  method  hen-  described  is  much 
simpler  and  quicker,  in  addition  to  heing  absolutely  accurate.  For 
simple  reaction-time  this  method  is  far  more  accurate  and  rapid  than 
any  hitherto  described.  But  for  longer  times,  such  as  association- 
time  or  discrimination-time,  some  easier  method  must  be  devised  for 
counting  the  records.  It  i-  suggested  thai  another  time-marker  be 
place. 1  on  the  drum  :  this  marker  to  be  connected  with  a   pendulum 
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or  clock  work  which  shall  mark  every  third  or  fourth  wave  of  the 
tuning-fork  curve.  With  this  assistance  it  will  be  possible  to  count 
long  records  quickly  and  accurately. 

Two  drums  were  used  in  these  experiments,  an  electric  drum  and 
a  Konig  drum. 

The  electric  drum  consists  of  a  brass  cylinder  mounted  on  iron 
brackets  so  as  to  turn  on  its  axis.  It  is  rotated  by  a  small  electric 
motor  clamped  to  the  right  side  of  the  table.  Linen  thread  serves 
for  a  belt.  The  tuning-fork,  or  the  marker  is  mounted  on  a  carriage 
which  moves  along  a  track  parallel  to  the  drum  by  means  of  an  end- 
less screw  turned  by  a  crank  at  the  Left  side  of  the  table.  One  turn 
of  the  screw  moves  the  marker  on  the  drum  one-quarter  of  an  inch 
to  the  right  or  left.  By  regulating  the  strength  of  the  current 
which  runs  the  motor  considerable  variation  can  be  produced  in  the 
speed  of  the  drum,  while  a  switch  near  at  hand  allows  the  motor  to 
be  stopped  or  started  at  will. 

Two  kinds  of  curves  are  produced  by  this  drum.  In  fig.  8  the 
marker,  or  the  fork  itself,  is  kept  vibrating  on  the  drum  all  the  time 


Fig.  8. 

When  a  record  is  taken,  the  marker  is  quickly  moved  to  the  right 
or  left  by  a  turn  of  the  screw.  The  record  is  made  during  this  side- 
wise  movement  of  the  marker,  the  result  being  two  white  bands  with 
the  record  on  a  curve  passing  obliquely  from  one  to  the  other.  The 
first  spark  comes  from  the  stimulus-key,  the  second  from  that  in  the 
reaction-room. 

At  tirst  it  is  somewhat  difficult  to  make  these  two  motions,  the  one 
with  the  right  hand,  the  other  with  the  left,  just  at  the  right  in- 
stant, but  a  short  practice  enables  one  to  do  it  with  ease  and  accu- 
racy. The  whole  difficulty,  however,  is  removed  by  the  multiple 
key  to  be  described  below.     Using  that,  together  with  the  electro- 


Fig. 


magnetic    time-marker,    we    produce     the    curve    shown    in    fig.    9. 
The  marker  remains  stationary,  simply  drawing  a  white  line  around 
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the  drum.      Opening  the  stimulus-key  stalls  the  marker  vibrating 

and  an  instant  later  gives  the  stimulus  which  is  marked  by  a  spark 
«'ii  the  curve.  A.s  Boon  as  the  spark  from  the  reaction-key  lias  been 
recorded,  the  multiple-key  is  released,  and  the  marker  ceases  to 
vibrate  before  the  drum  lias  made  a  complete  revolution.  The 
marker  is  then  moved  to  the  righl  or  the  lefl  by  a  turn  of  the  screw 
and  another  record  is  taken.  A  similar  record  on  an  ordinary  drum 
i-  shown  in  lii;'.  10. 


Fig.    ID. 

The  other  drum  is  constructed,  as  can  he  seen  in  tig.  13,  so  that 
every  turn  of  the  crank  moves  the  drum  itself  half  an  inch  to  the 
righl  or  left.  In  this  case  the  standard  holding  the  marker  or  the 
tuning-fork  remains  stationary.  One  hand  turns  the  drum  once 
around  while  the  other  closes  the  stimulus-key.  The  reaction  always 
follows  before  the  revolution  is  completed.  For  simple  reaction- 
time  this  is  much  the  better  drum  of  the  two.  The  records  are 
always  the  same  distance  apart  and  can  he  made  to  begin  in  the  same 
horizontal  line  on  tlie  drum,  thus  making  the  counting  of  the  records 
much  easier  than  those  of  the  electrical  drum  which  are  scattered 
over  the  paper  and  are  liable  to  he  cut  in  two  when  that  is  removed 
from  the  drum.  For  other  purposes  the  electrical  drum  is  to  he  pre- 
ferred. 

It  is  evident  from  the  various  functions  ascribed  to  the  stimulus- 
key  that  something  more  than  the  ordinary  telegraph-key  is  implied. 
In  eviry  case  it  is  assumed  that  it  produces  the  stimulus  and  records 
it  at  the  same  instant  on  the  drum  by  means  of  a  spark.  In  addition 
to  this  it  sometimes  -tarts  the  tuning-fork  curve  just  before  the 
stimulus  and  stops  it  just  after  the  reaction  lias  taken  place.  The 
necessity  for  some  contrivance  by  which  such  things  might  be  done 
was  fell  at  the  beginning  of  the  work  and  led  to  the  invention,  by 
Dr.  Scripture,  of  the  multiple-key. 

Figs.  M  and  12  show  drawings  of  this  key.  It  consists  of  two 
square  bars  of  brass  I  and  II  rotating  on  small  steel  axles  X  held  in 
place  by  check-screws  K  I.  passing  through  the  upright  parts  C  of 
a  firm  brass  frame  which  i>  screwed  to  the  wooden  base  J.  One  end 
of  each  bar  i-  held  by  a  spring  M,  V  ;  the  strength  of  M  is  reg- 
ulate.1  by  the  screM  A.  Besides  this  there  are  four  other  screws 
B,  I».  E,  I",   which    pass   through    the  upper   lever,   one  of    them  F 
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being  insulated  from  the  lever  by  hard  rubber.  The  screw  B  rests 
upon  a  small  steel  plate  P,  insulated  by  a  hard  rubber  screw  from 
the  brass  stanchion  Q  and  connected  by  wire  on  the  underside 
of  the  base  with  binding-post  5.  None  of  the  binding-posts  are 
shown  in  the  elevation  because  they  would  conceal  important  parts 
of  the  key.  The  screws  B,  D,  F  are  connected  through  the  brass 
rod,  steel  axles  and  upright  support  with  a  screw  that  passes 
through  the  base  and  thence  by  insulated  wire  with  binding-post  4. 
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Figs.  11  and  12. 


The  screw  B  being  adjusted  so  that  the  upper  lever  is  level,  the 
screw  F  regulates  the  amplitude  of  its  movement.  By  means  of  this 
screw  it  makes  contact  with  the  brass  stanchion  V.  The  screw  E 
which  is  insulated  from  this  lever,  is  connected  to  post  2  by  insulated 
wire  running  along  the  lever,  down  the  standard  through  the  base. 
The  screw  U  with  which  it  conies  in  contact  is  also  insulated  from 
its  lever  and  connected  in  a  similar  way  with  binding-post  3.  By 
means  of  screw  D  the  copper  spring  S  can  be  made  to  make  contact 
with  screw  T  which  is  insulated  from  its  lever  and  connected  with 
binding-post  6. 

The  lower  lever  is  adjusted  to  a  level  position  by  screw  O  ;  it  is 
insulated  from  its  steel  axle  and  together  with  screw  O  is  connected 
with  binding-post  7.  The  screw  Z,  with  which  it  makes  contact,  is 
connected  with  binding-post  4.  So  are  the  brass  stanchion  Q  and  the 
screw  N,  passing  through   it,  as  well  as  the  mercury  cup  W.     The 
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screvi  E  i-  so  regulated  that  just  before  V  makes  contacl  with 
V  the  lever  I  breaks  contact  with  the  screw  Z  and  immediately  after 
make-  contacl  again  in  the  same  circuil  cither  through  the  screw  N 
mi-  the  mercury  cup  \V. 

We  have  >i.\  contacts:  three  makes,  two  breaks,  and  one  break  fol- 
lowed by  a  make  in  the  same  current.  One  <>!'  these  breaks,  if  used 
at  all.  musl  always  come  firsl  and  one  "I"  the  makes,  if  used  at  all, 
must  always  come  last.  According  to  actual  count  this  gives  forty- 
four  different  ways  in  which  currents  can  be  passed  through  the  key. 
When  more  than  one  current  is  being  passed  through  the  upper 
lever  at  the  same  time,  care  must  he  taken  to  have  this  lever  con- 
nected with  the  same  pole  <>\   all  the  batteries. 

A  few  of  the  uses  to  which  this  key  may  be  put  will  he  mentioned 
here  together  with  the  contacts  used  in  each  case. 

1.  As  an  ordinary  key  where  the  contact  is  made  by  pressing  down 
the  key  :   circuit  through  E-U  or  F-Y. 

■J.  As  an  ordinary  key  in  which  the  contact  is  broken  by  pressing 
down  the  key  ;  circuit  through  B-P  or  <  )-Z. 

3.  To  close  two  circuits  at  the  same  time  :    E-U,  D-T. 

4.  To  tdose  to  circuits  at  the  same  time  and  one  an  instant  later  ; 
D-T.  E-U,  F-V. 

■'>.  To  close  one  circuit  and  break  another  at  the  same  time  ;  E-U, 
0-Z. 

6.  To  close  two  circuits  and  break  a  third  at  the  same  time  ;  E-U, 
D-T,  0-Z. 

7.  To  break  one  circuit  just  before  closing  a  seeond  ;  B-P,  E-U. 

B.  To  break  a  circuit  and  an  instant  later  close  the  same  circuit 
again  :  0-Z,  R-X.  or  I-W. 

In  the  second  method  of  recording  reaction-time  on  the  smoked 
drum,  according  to  the  arrangement  of  wires  in  fig.  13,  the  tuning- 
fork  current  is  short-circuited  at  P-B  while  the  key  remains  closed. 
When  this  contact  is  broken,  the  current  passes  around  through  the 
marker  on  the  drum.  A  moment  later  the  contact  E-U  closes  a 
telephone-circuit  which  passes  through  the  apparatus  in  tin  reaction- 
room  and  -o  produce-  the  stimulus.  But  the  primary  current  of  the 
-park-c.dl  i-  passing  through  0-Z.  At  the  same  instant  in  which 
the  contact  E-V  i-  made,  this  contact  0-Z  i-  broken  and  a  spark 
passes  through  the  smoked  paper.  This  primary  circuil  is  made 
again  at  W  in  time  to  he  broken  a  second  time  by  pressure  upon  the 
key  in  the  reaction-room.  A-  soon  a-  this  reaction  takes  place  the 
operator  releases   the   multiple-key,  the   tuning-fork   curve   i-   short 
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circuited  again  at  B-P  and  the  time  marker  ceases  to  vibrate.  As 
the  reaction  always  follows  the  contact  E-T7  within  three-tenths  of  a 
second,  the  key  need  not  be  kept  open  longer  than  is  natural  in  slow 
movement. 


Fig.  13. 

The  most  important  pieces  of  the  apparatus  having  been  described 
in  detail,  its  general  arrangement  can  easily  be  understood  from  the 
diagram  in  fi>.  13.  The  reaction-room  is  indicated  above  on  the  left. 
The  room  used  for  the  production  of  sound  stimuli  is  shown  next 
to  it,  although  it  is  situated  in  another  part  of  the  building  so  that 
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do  sound  from  the  loud  tuning-forks  can  penetrate  the  walls  of  the 
reaction-room.  The  recording-room  is  on  the  floor  below.  These 
figures  are  all  diagrammatic,  being  drawn  to  show  the  meaning  of 
wires  and  apparatus  rather  than  actual  positions  or  proper  propor- 
tions. 

Taking  the  diagram  from  left  to  right,  the  first  pair  of  wires 
belongs  to  an  electric  light  circuit.  The  lamp  I,  which  was  used  in 
these  experiments,  was  a  miniature  incandescent  lamp  of  6  c.  p.  By 
a  switch,  in,  the  lighl  could  be  turned  on  or  nil'. 

The  next  three  wires  connect  two  electric  hells,  2  ami  12,  with  the 
Leclanche"  element-  II  ami  ('.  Closing  key  -  rings  the  hell  in  the 
recording-room.  The  gong  being  removed  from  bell  2  and  the 
contact  made  permanent,  closing  key  1  1  onl\  produces  a  click 
in  the  reaction-room.  Otherwise  the  sound  would  he  so  loud  as  to 
distract  the  person  reacting. 

The  next  pair  of  wires  forms  a  telephone-circuil  by  means  of 
which  the  experimenter  can  talk  freely  with  tin-  person  in  the  reac- 
tion-room.  The  -witch  13  break-  this  circuil  during  a  series  of 
experiments  and  so  prevents  any  noise  reaching  the  reaction-room 
through  this  telephone.  This  telephone  connection  is  a  new  feature 
in  reaction-time  apparatus  and  its  advantage  cannot  be  overesti- 
mate'!. In  some  of  the  German  laboratories  the  reactor  and  experi- 
menter are  in  the  same  room,  separated  only  by  a  cardboard  partition. 
The  reactor  i-  thus  influenced  by  every  sound  in  the  building,  by  the 
changing  lights  and  shadow-  and  by  the  noise  of  the  chronoscope. 
In  other  laboratories  the  reactor  is  placed  in  a  separate  room  in 
another  part  of  the  building.  When  the  operator  desires  to  speak  to 
the  reactor  he  must  leave  his  work  and  go  to  this  room,  often  break- 
ing  up  the  whole  -erics  and  producing  more  or  less  distraction. 
With  this  arrangement  the  reactor  is  in  ;l  dark  room,  free  from  sound. 
By  a  turn  of  the  -witch  he  can  hear  even  a  faint  whisper  from 
the  experimenter. 

Next  on  the  diagram  come-  a  one-inch  Ritchie  spark-coil  ;  31  and 
30  are  the  pole-  .,!  the  primary  circuit.  The  current  from  battery  E, 
consisting  of  two  to  four  Grove  cells,  passes  through  the  closed  key  6 
in  the  reaction-room  and  through  the  contact  21-22  in  the  multiple- 
key  (O-Z  of  tin'.  11).  When  the  key  is  pressed  down  the  circuil 
i-  broken  at  22  and  closed  immediately  after  at  23.  In  practice  it 
was  found  better  to  use  the  mercury  cup  W,  fig.  11,  for  this  second 
contact  as  the  contact  with  the  copper  spring  and  iron  screw  R,  is  a 
sliding  contact  liable  to  produce  additional  sparks  and  thus  to  con- 
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fuse  the  record.  The  mercury  must  be  kept  covered  with  water  as 
alcohol  takes  fire  with  a  current  of  the  size  used. 

The  poles  of  the  secondary  coil  are  28  and  29.  One  was  connected 
with  the  brass  cylinder  of  the  drum  by  being  attached  to  the  iron 
frame  at  16,  the  other  with  the  point  which  marks  on  the  drum. 
When  the  electro-magnetic  time-marker  Avas  used,  a  light  aluminium 
point  was  substituted  for  the  ordinary  straw  or  quill  point.  Every 
time  either  key  is  pressed  a  spark  passes  from  the  marker  to  the  drum 
through  the  smoked  paper  scattering  the  smoke  and  making  the 
white  dots  shown  in  figs.  6-10. 

Numbers  19  and  20  are  two  ends  of  a  second  telephone  circuit.  H 
is  the  battery,  9  the  transmitter  and  7  the  receiving  telephone. 
Before  the  transmitter  there  stands  a  tuning-fork  8  run  by  the  bat- 
tery G.  When  the  multiple-key  is  pressed  down,  this  telephone 
circuit  is  closed  at  19-20  and  the  tuning-fork  is  heard  in  the  telephone 
in  the  reaction-room.  At  the  same  instant  a  spark  is  made  on  the 
drum  by  the  breaking  of  contact  21-22.  The  strength  of  this  sound 
was  regulated  by  passing  the  telephone-current  through  a  resistance- 
board,  not  shown  in  the  diagram.  For  purposes  of  simple  reaction 
it  was  not  necessary  to  use  tuning-fork  8.  The  short,  sharp  click 
made  in  the  telephone  by  closing  the  circuit  at  19-2<>  was  sufficient. 
By  changing  the  resistance  in  the  telephone-circuit  this  sound  could 
be  varied  from  one  too  Aveak  to  be  heard  to  one  too  loud  to  be 
endured.  It  was  found  necessary  to  run  the  wires  of  this  circuit 
from  the  recording-room  to  the  reaction-room  Avithout  alloAving 
them  to  come  near  any  other  wires  which  were  in  use  at  the  same 
time.  Otherwise  sounds  were  produced  in  the  telephone  by  induc- 
tion from  the  currents  in  those  wires. 

During  the  latter  half  of  the  experiments  the  two  receiving  tele- 
phones, 5  and  7,  in  the  reaction-room  were  each  connected  with  both 
transmitters,  4  and  9.  By  this  arrangement  the  sounds  from  the 
recording-room  and  from  the  sound-room  A\rere  heard  in  each  tele- 
phone. One  of  them  was  fixed  by  rods  and  clamps  in  such  a  posi- 
tion, that  the  right  ear  of  the  person  experimented  upon  naturally 
rested  against  it.  The  other  Avas  held  to  the  left  ear  by  the  left  hand, 
while  the  right  hand  A^as  free  to  manipulate  the  reaction-key. 

A  still  better  plan  Avould  be  to  use  a  head  telephone  with  a  re- 
ceiver at  each  ear.  This  would  always  be  in  place,  leave  both  hands 
free  and  allow  the  person  reacting  to  take  the  most  comfortable  posi- 
tion and  to  move  about  instead  of  keeping  the  body  in  one  fixed 
position.     However,  as  a  series  of  experiments  never  lasted  over  five 
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minutes,  the  disturbance  from  the  acl  of  holding  one  of  the  tele- 
phones cannot  have  been  very  great. 

The  remaining  wires  Bhown  in  the  diagram  all  have  to  do  with  the 
time-curve.  The  tuning-fork  26  is  inn  by  a  dip-battery  V.  This 
currenl  passes  through  the  contacl  24-25  when  the  key  is  closed  as 
shown  in  this  figure.       When  I  lie  key  is  opened,  this  contact  is  broken 

ami  the  current  passes  around  through  the  electro-magnetic  time- 
marker  17  communicating  to  its  lever  the  vibration  of  the  tuning- 
fork. 

In  mosl  of  the  experiments  made  with  the  hand-drum  this  time- 
marker  was  not  used.  The  fork  itself  was  placed  on  the  standard 
and  allowed  t<>  vibrate  continuously  on  the  smoked  paper. 

In  addition  to  the  wires  shown  in  the  diagram  another  pair  was 
used  to  conned  an  electro-magnet  in  the  reaction-room  with  a  bat- 
tery and  switch  in  the  recording-room. 

All  of  these  wires  arc  part  of  a  system  of  wires  running  through 
the  whole  building.  At  first  seven  wires  were  laid  from  each  room 
to  a  switch-board  in  a  central  position.  This  number  not  being 
sufficient  for  the  currents  required  between  the  reaction  and  record- 
ing-rooms seven  more  were  laid  to  each  of  these  rooms.  All  of 
these  wires  where  the  resistance  is  of  small  importance,  such  as  the 
telephone  and  bell  circuits,  arc  number  16  B.  and  S.  office  wire.  For 
the  electric  light  and  the  primary  circuit  of  the  spark-coil,  where 
stronger  currents  are  required,  number  10  heavily  insulated  wire  was 
put  in.  These  were  run  directly  from  the  reaction-room  to  the 
recording-room  independent  of  the  switch-board. 

Experiments  in  eeaction-timk. 

In  all  the  experiments  the  stimulus  to  which  the  person  in  the 
dark  room  reacted  was  a  sound  produced  in  the  telephone. 

A  warning  click  was  given  on  the  bell  in  the  reaction-room  just 
before  each  experiment.  Experiment  has  shown  that  when  the  in- 
terval between  warning  and  stimulus  is  always  the  same  the  mind  is 
soon  able  to  estimate  the  interval  correctly  and  always  reacts  just  at 
that  time  whether  it  hears  the  stimulus  or  not.  Therefore  this  warn- 
ing cannot  be  produced  by  any  mechanism  connected  with  the  drum 
hut  must  be  jriven  by  the  voluntary  act  of  the  experimenter.  The 
effect  of  this  warning  on  the  react  ion-time  depends  on  the  interval 
between  the  warning  ami  the  stimulus,  [f  the  interval  is  too  short 
then-  is  not  time  enough  to  concentrate  the  attention  and  the  warn- 
ing hinders  the  reaction  instead  of  helping  it.     If  the  time  is  too 
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long  the  effect  dies  away,  as  the  mind  is  not  able  to  keep  its  maxi- 
mum tension  for  more  than  one  or  two  seconds.  L.  Lange1  mentions 
about  2  seconds  as  the  best  interval.  Wttndt8  places  it  at  2.5  ;  Estel3 
says  2.25;  Mehner4  and  Glass5  agree  on  2.5.  Bertels6  found  that  it 
took  the  mind  2f  seconds  to  reach  the  maximum  degree  of  atten- 
tion. The  interval  used  in  these  experiments  was  2-J  seconds,  as 
nearly  as  the  experimenter  could  estimate  it  by  counting. 

.Much  also  depends  upon  the  interval  between  the  successive  exper- 
iments. If  it  is  too  long  the  series  covers  too  much  time.  Changes 
in  the  mental  and  bodily  condition  of  the  experimenter  come  in  to 
change  the  reaction-time.  If  the  interval  is  too  short  there  is  not 
time  to  recover  from  the  preceding  experiment.  About  fifteen 
seconds  was  the  interval  between  the  successive  experiments  in  the 
present  case.  As  reaction  requires  close  attention,  not  more  than 
twenty-five  experiments  can  be  taken  at  one  sitting  without  showing 
marked  effects  of  fatigue.  In  the  larger  part  of  these  experiments 
the  number  was  limited  to  twenty-two  and  at  least  five  minutes  inter- 
vened between  successive  series.  Seldom  were  more  than  five  series 
taken  at  one  time. 

An  important  point  in  which  there  is  less  agreement  is  that  of  the 
rejection  from  the  records  of  unusually  long  or  short  times.  These 
have  usually  been  regarded  as  errors  and  ascribed  to  two  sources,  to 
a  faulty  action  of  the  electro-magnet  in  the  Hipp  chronoscope,  and 
to  inattention  on  the  pari  of  the  reactor.  The  present  apparatus 
eliminates  the  former  error  but  the  latter  still  remains.  Inattention 
may  give  long  times  and  the  person  may  react  before  he  actually 
hears  the  stimulus.  By  keeping  a  careful  watch  most  of  these  cases 
will  be  noticed  on  the  spot  and  be  rejected  without  question  as  errors. 
But  still  the  tables  will  contain  an  occasional  long  or  short  record 
which  largely  affects  the  average  of  the  series.  What  shall  be  done 
with  these  cases  ?  Some  have  refused  to  omit  any,  claiming  that 
individual  differences  disappear  in  the  final  average.  Most  writers 
use  their  judgment  in  each  particular  case  and  reject  all  records  which 
thev  think  unduly  affect  the  results.  It  is  always  hard  to  draw  the 
line  between  normal  attention  and  the  next  grade  below  it,  to  decide 

1  Beitrcir/e  zur  Theorie  der  sinnlichen  Aufmerksamkeit,  Phil.  Stud.  1888  III  492. 

2  Physiol.  Psych.  3  ed.  II  361. 

3  Neue  Versuche  iiber  den  Zeitsinn,  Phil.  Stud.  1885  II  37. 

4  Zur  Lehre  vom  Zeitsinn,  Phil.  Stud.  1886  II  560. 

6  Kritisches  und  Experimentelles  iiber  den  Zeitsinn,  Phil.  Stud.  1888  IV  454. 
6  Versuche  iiber  die  Ablenkung  der  Aufmerksamkeit,  Iuaug.  Diss.  Dorpat  1889. 
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which  are  correcl  reaction-times  and  which  arc  errors.  The  purpose 
of  the  experiments  may  have  an  influence  in  deciding  this  question. 
For  in-tancc.il'  it  is  to  gel  the  average  reaction-time  of  a  certain 
person  in  a  series  lasting  five  minutes,  then  more  marked  cases  of 
inattention  would  be  expected  and  lei  pass  unchallenged  than  if  the 
purpose  was  to  deted  the  influence  of  a  slighl  distraction  on  the 
reaction-time.  In  the  former  case  the  variation  in  attention  is  the 
quantity  to  be  measured.  In  the  latter  case  it  is  desired  to  eliminate 
all  variations  in  the  attention  save  thai  due  to  the  one  cause  whose 
etVcct  is  being  investigated. 

■ 

In  the  presenl  instance  every  record  was  rejected  which  seemed  to 
the  reactor  to  be  a  mistake.  His  opinion  was  always  written  down 
before  he  Left  the  reaction-room  and  before  he  knew  what  the  figures 
were.  After  that  the  criterion  for  rejecting  readings  was  that  laid 
down  by  Eolman.1  "Take  the  mean  and  the  average  deviation  of 
the  observations,  omitting  the  doubtful  one.  Find  the  deviation  of 
that  one  from  the  mean.  Then  reject  the  observation  if  its  devia- 
tion i-  greater  than  four  times  the  average  deviation."  This  i-  an 
arbitrary  criterion  and  doesnol  imply  that  all  records  rejected  by  it 
are  errors.  It  means  rather  thai  in  the  small  number  of  records  they 
would  have  undue  influence  and  that  the  average  without  them  will 
1m-  nearer  the  truth  than  if   they  wvw  included. 

In  every  case  excepting  the  few  series  where  the  names  arc  given 
in  the  table  the  writer  was  the  person  experimented  upon. 


EXPERIMENTS     SHOWING     THE     [NFL1    EN<   E    OF     SENSATIONS    OF    LIGHT 
11-oN    THE    TIME    <>F    SIMPLE    BEA(    DIONS    TO    SOUND. 

Tin'  first  problem  undertaken  was  the  investigation  of  the  in- 
fluence of  the  presence  in  consciousness  of  different  colored  lights 
upon  the  time  of  reaction  to  sound-stimuli.  It  was  suggested  by 
the  results  of  Fere's  experiments  with  the  dynamometer."  lie  found 
that  with  hysterical  patients  different  colored  lights  ha  1  different 
dynamogenic  effects,  red  being  mosl  effective  and  violet  the  least. 
It  tin-  energy  with  which  the  muscles  '-an  he  contracted  varies  with 
the  appearance  in  consciousness  of  different  colored  lights  it  seems 
probable  that  there  should  he  a  similar  effect  upon  the  rapidity  with 
which  they  can  he  moved. 


1  Hoi. max,  Discussion  of  the  Precision  of  Measurements,  New  York  1892.  p.  30. 
:  Ferk.  Sensation  et  inouvement,  Paris  1- 
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These  experiments  are  not  to  be  confused  Avith  those  conducted  by 
Titchexer  in  Wundt's  laboratory  where  different  colored  lights 
served  as  the  stimulus.1  The  effect  of  a  steady  influence  might  be 
detected  when  the  effect  of  a  momentary  influence  was  too  small  to 
be  measured.  We  certainly  have  a  different  tone  of  feeling  when 
looking  at  a  red  light  from  that  which  we  have  when  looking  at  a 
green  light. 

The  different  colored  lights  were  produced  by  colored  gelatine 
films  between  two  pieces  of  glass  placed  ln-fore  the  box  containing 
the  electric  light. 

Three  hundred  experiments  were  made  upon  this  point,  but  they 
musl  be  regarded  as  preliminary  and  negative.  They  were  made 
upon  six  different  persons  all  of  whom  were  without  practice  in  re- 
acting, and,  as  they  were  taken  before  the  apparatus  was  completed, 
the  method  illustrated  in  tig.  3  was  used,  the  error  of  which  has 
already  been  pointed  out. 

The  results  show  no  difference  for  the  different  colors  within  the 
limits  of  error  and  none  between  those  taken  in  the  dark  and  those 
in  the  light.  However,  in  all  cases  they  show  the  effect  of  practice 
on  reaction-time.  Table  I  brings  this  out  in  the  case  of  two  persons, 
the  first  one  of  whom  reacted  several  thousand  times  in  the  interval 

TABLE  I. 


N  ame         Date 

H 

MV 

It 

C.B.B. 

Nov.  13. 

183 

34 

90 

(< 

Mar.  81. 

140 

13 
36 

236 

J.A.G.   Dec.  1. 

250 

59 

a 

Jan.  30. 

161 

00 

28 

B,  reaction-time. 

MV,  mean  deviation. 

n,  number  of  experiments. 

between  the  two  dates  given  while  the  second  reacted  only  a  few 
times  bet  ween  the  dates  for  which  his  reactions  are  compared.    In  the 


Zur  Chranometrie  des  Erkennungsactes,  Bhil.  Stud.  1893  VII  140. 
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case  of  the  firsl  person  an  average  of  '■*<>  experiments  taken  on  Nov. 
]■■<.  gave  a  reaction-time  of  i*:"T  and  an  average  deviation  from  that 
average  of  84ff.  On  .March  3  l  an  average  of  236  experiments  gives 
a  reaction-time  of  140°  with  an  average  deviation  of  13. a  Thus 
showing  not  only  a  greal  falling  off  in  the  time  bul  also  a  great  in- 
crease in  the  regularity  of  the  experiments. 

A  like  resull  is  shown  in  the  record  of  the  second  person. 

From  these  figures  it  is  plain  that  we  arc  not  to  expect  differences 
due  to  small  changes  in  the  conditions  of  the  experiments  to  show 
themselves  until  the  person  experimented  upon  has  had  some  prac- 
tice. 

One  other  set  of  experiments  was  taken  before  the  apparatus  was 
accurate  to  thousandths  of  a  second.  These  were  all  made  upon  one 
man,  the  objeel  being  to  see  whether,  with  the  decree  of  accuracy 
then  obtained,  any  difference  could  he  detected  between  the  time  of 
reactions  taken  in  the  dark  ami  those  taken  in  the  light.  The 
averages  of  the  separate'  scries  are  given  in  table  II.  The  final 
average  of  115  experiments  in  the  dark  gives  a  result  of  17C7  with  a 
mean  variation  of  23ff.      The    74   experiments  taken   in    a  white  light 

TABLE  II. 


Disturbance 

R 

MY 

n 

N  i  me 

170 

23 

115 

White  light 

177 

30 

71 

Red  light 

17.-> 

25 

20 
20 

1  rreen  light 

160 

15 

give  a  time  of  I77rwith  a  mean  variation  of  30ff.  The  20  experi- 
ment- i:i  red  light  give  a  time  of  I  7-">r  with  a  mean  variation  of  -Jo17 
and  the  20  experiments  in  green  lighl  give  a  time  of  160ff  with  a 
mean  variation  of   ]5\ 

After  the  apparatus  was  correct  to  thousandths  of  a  second,  another 
attempt  was  made  to  deted  a  difference  between  the  time  of  reac- 
tions in  the  dark  and  those  in  the  light.  A  series  of  twenty  or  thirty 
experiments  was  taken  in  which  the  lighl  was  turned  on  in  the  mid- 


Investigations  in  reaction-time  and  attention. 


21 


die  of  the  series.  Table  III  gives  the  average  of  five  experiments 
before  the  light  was  turned  on  and  five  immediately  after.  The  ex- 
periments were  taken  upon  seven  different  persons  only  two  of  whom 
had  had  experience  in  reacting  and  only  one  of  whom  had  had 
practice  that  year.  Considering  this  and  also  the  fact  that  only  five 
series  were  taken  upon  any  one  person,  too  much  confidence  must  not 
be  placed  in  the  results.  It  would  be  very  easy  to  say  that  they 
show  the  distracting  influence  of  the  light  ;  for  in  the  case  of  each 
individual,  save  one  who  had  had  no  practice  and  upon  whom  only 
one  series  was  taken,  the  average  of  the  reactions  in  the  light  is 
lono-er  than  those  in  the  dark. 


TABLE  III. 


Person 

D 

MV 

n 

L 

MV 

n 

L-D 

D.  W.  L. 

148 

15 

l.') 

150 

11 

15 

+  2 

C.  B.  B. 

1 1; 

( 

■r, 

151 

'.I 

25 

+  4 

E.  W.  S. 
J.  M.  M. 

1M 
159 

140 

28 
12 
16 

2") 

491 

24 

25 

+  7 

5 

191 

24 

5 

+  32 

W.  I.  C. 

20 

156 

9 

20 

+  10 
+  20 

K.  M.  W. 

119 

30 
28 

10 

139 

16 

15 

10 

J.  A.  G. 

181 

5 

in 

5 

-10 

Weighted 
mean 

L53 

is 

id:, 

160 

14 

105 

+  7 

1).  reaction-time  in  darkness. 
L,  reaction-time  in  light. 

The  final  average  of  the  2  l<»  experiments  is  153°  for  the  dark  with 
a  mean  variation  of  18^  and  for  the  light  160ff  witli  a  mean  variation 
of  14^.  But  later  and  more  reliable  experiments  show  that  the  mere 
presence  in  the  field  of  vision  of  this  steady  light  would  not  produce 
that  effect.  A  glance  at  the  original  records  throws  some  light  on 
this  point.  In  eight  of  the  series  the  first  reaction  after  the  light 
was  turned  on  was  unusually  long.     In  the  nature  of  the  case  these 
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rds  could  nol  be  rejected,  for  though  there  is  a  possibility  thai 
they  may  be  due  to  inattention  ye1  it  is  far  more  probable  thai  they 
are  the  very  thing  we  are  looking  for.  When  the  lighl  is  turned  <>n 
ii  startles  the  person  t'<>r  an  instanl  and  so  increases  the  reaction-time. 
Table  IV  shows  this  fad  very  clearly.  It  contains  the  first,  second, 
third,  fourth  and   fifth  experiments  before  :in<l  after  the  light   was 

TABLE  i\ . 


Pel  -<>n 

Dark 

Light 

n 

3 
5 
5 

1 
4 
2 

1 

Number  of  ex] 

* 

181 
139 
175 

4- 
153 

150 
179 

141 
L32 
172 
1 55 
139 
103 
123 
1  12 

:. 

128 
153 
147 
138 
158 
1 35 
299 

1. 

1  in 
150 

139 
140 
108 

1. 

149  171  144 

4.      5. 

D.  W.  L. 

146 
156 

i;; 

166 
L63 
136 
176 

139 
153 

179 
123 
167 
134 

C.  B.  B. 

158  145 

178  187 

142 

lit.' 

E.  W.  S. 

J.  M.  M. 

165  151 
135  L54 

ill  131 

248  194  167 
198  150  14-2 
151  122  118 

W.  T.  C. 

K.  M.  W. 

J.  A.  G. 

183 
154 

148 
156 

153     197  177 

Weighted  mean 

153 

155 

165  162 

1 55 

160  166 

turned  on  in  each  series,  so  arranged  as  to  show  the  averages  for  the 
first,  second,  third,  fourth  and  fifth  experiments  in  the  case  of  each 
individual  and  also  the  final  average  of  all  together.  In  the  final 
average  and  in  the  case  of  mosl  of  the  individuals,  notably  in  the 
case  of  those  who  were  practiced,  the  firsl  experiment  after  the  lighl 
was  turned  on  was  longer  than  the  other  and  enough  so  to  affect  the 
averages  in  table  III. 

When  the  light  was  turned  on,  no  care  was  taken  to  have  it  come 
exactly  half  way  between  two  experiments.  Sometimes  it  would  be 
nearer  the  one  before,  sometimes  nearer  the  one  which  followed. 
This  may  explain  the  reason  why  some  of  the  series  show-  do  dis- 
traction.    The  light  was  turned  on  in  the  early  part  of  the  interval 
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and  the  person  had  time  to  accommodate  himself  to  it  before  he 
heard  the  stimulus.  Doubtless  if  the  interval  between  the  moment 
of  turning  on  the  light  and  that  of  the  reaction  immediately  follow- 
ing it  were  carefully  measured  it  would  be  found  that  this  first  reac- 
tion would  be  lengthened  the  more  the  smaller  this  interval. 

The  next  attempt  to  detect  a  difference  between  the  time  of  reac- 
tions in  the  dark  and  those  in  the  light  was  made  later  on  in  the 
year,  after  considerable  practice.  In  the  experiments  already  de- 
scribed  the  electric  lamp  was  carefully  concealed  in  a  box,  the  sides 
of  which  were  lined  with  tin  reflectors,  so  that  the  person  sitting  at 
the  reaction-table  saw  only  a  brightly  illuminated  square  of  white 
card-board  in  the  back  of  the  box.  Since  the  effect  was  so  slight  the 
box  was  dispensed  with  in  these  later  experiments  and  the  lamp  hung 
suspended  in  full  view.  The  method  was  the  same  as  in  the  former 
case,  except  that  the  order  of  light  and  dark  was  reversed  in  some  of 
the  series  to  eliminate  any  effects  from  fatigue  or  acceleration  which 
might  enter  into  a  series  of  twenty  experiments. 

The  total  number  of  experiments  was  207,  consisting  of  97  in  the 
dark  ami  108  in  the  light.  Of  the  ten  series,  six  gave  a  slightly 
longer  time  for  those  in  the  light  while  the  other  four  gave  an  equally 
small  difference  in  favor  of  those  in  the  dark.  The  final  averages 
are:  for  those  in  the  light,  138°  with  a  mean  variation  of  L2ff  arid 
for  those  in  the  dark  \'M\n  with  a  mean  variation  of  I0ff,  thus  show- 
ing a  difference  of  only  2°  both  in  the  reaction-time  and  in  the  mean 
variation,  a  difference  which  is  practically  zero.  These  figures  then 
warrant  the  statement  thai  th<  differenct  between  reaction-time  in 
tin  dark  and  reaction-tinn  with  tht  eyes  fixed  "/>i>n  a  bright  steady 
light  is  very  small  compared  with  tin  constant  variation  due  to  sub- 
jects changes  in  tin  condition  of  tht  /»  rson  experimented  upon. 

Alter  it  was  found  that  the  presence  of  a  steady  intensely  bright 
light  in  the  held  of  vision  produced  no  variation  in  the  reaction-time 
which  could  he  detected,  it  wa^  decided,  at  the  suggestion  of  Pro- 
fessor  Ladd,  to  study  the  effect  of  a  moving  light. 

The  small  incandescent  lamp  was  suspended  from  the  ceiling  by  a 
flexible  cord  about  six  feet  long,  .lust  above  the  lamp  a  piece  of  soft 
iron  was  fastened  to  the  cord.  This  iron  served  two  purposes  :  it 
made  the  lamp  swing  steadily  and  allowed  it  to  he  held  in  position 
1>\  an  electro-magnet  fastened  to  one  end  of  the  room.  The  electric 
light  current  and  that  of  the  electro-magnet  were  then  both  passed 
through  the  same  switch  in  such  a  way  that  one  movement  of  the 
lever  broke  the  electro-magnet  current  and  turned  on  the  light. 
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Ten  experiments  were  taken  in  the  -lark  ;  then  the  operator  turned 
the  switch  and  the  person  experimented  upon  had  a  steadily  swing- 
"'-  tight  '"  his  field  of  vision.  In  addition  to  the  moving  lighl 
there  was  always  a  great  variety  of  moving  Bhadows  and  chan^ine 
intensities  as  the  lamp  swung  pasl  th<  wires,  standards  and  other 
parts  of  the  apparatus.  When  the  light  was  turned  on,  the  eye  in- 
variably followed  the  lamp  for  one  or  two  minutes,  after  which  the 
shadows  came  into  consciousness,  then  the  objects  which  produced 
the  shadows  and  finally  other  things  in  the  room. 

'1  he  amplitude  of  the  motion  w  as  regulated  by  moving  the  electro- 
magnet. During  part  of  the  experiments  the  Lamp  commenced  to 
swing  through  an  are  of  two  meters,  which  gradually  diminished 
during  the  experiment  to  half  a  meter.  In  the  rest  of  the  experi- 
ments the  are  was  half  a  meter  at  first  and  the  lamp  gradually 
approached  a  state  of  rest.  Had  the  results  warranted,  a  more  care- 
ful determination  of  this  amplitude  would  have  been  made.  In 
these  experiment-  the  order  of  light  and  dark  was  changed  to  elimi- 
nate other  influences.  It  was  of  course  impossible  t..  stop  the  lamp 
swinging  in  the  middle  of  a  series,  hut  the  light  could  he  turned  out. 

Tin-  mean  variations  are  fairly  low  and  regular.  Therefore  the 
results  may  he  regarded  a-  quite  trustworthy.  In  twelve  out  of  the 
-ixteen  v(. ,-;,...  the  reaction-time  while  looking  at  the  swinging  light  was 
from  2°  to  20°  longer  than  the  reaction-time  in  the  dark.  The  final 
averages  for  those  in  which  the  long  swing  was  used  were:  in  the 
dark.  137*7  with  a  mean  variation  of  L3ff ;  in  the  light,  142*7  with  a 
mean  variation  of  llff.  For  those  with  the  shorl  swing  they  were  : 
dark,  L42ff,  mean  variation  12*;  light,  117".  mean  variation  12° :.  No 
difference  can  be  detected  between  the  influence  of  the  long  and 
short  swings.  Combining  the  two  we  have  a-  a  result  of  363  experi- 
ments a  mean  variation  of  12°  for  those  in  the  light,  the  same 
for  those  in  the  dark,  and  an  average  of  142°  for  the  reaction-time 
in  the  dark  and  ]  17"  for  the  reaction-time  when  looking  at  a  swing- 
ing lamp. 

It  is  important  to  discover  if  possible  whether  this  disturbance  is 
uniform  throughout  the  ten  experiments  with  the  swinging  light,  or 
whether  it  is  confined  either,  as  in  the  earlier  experiments,  to  the  first 
tion  after  the  light  was  turned  on  or  to  those  first  few  experi- 
ments where  the  >■}<■  follows  the  moving  light.  For  this  purpose  the 
aver   _  the  first,  second  and  third  experiments  and  so  on  of  all 

the  sixteen   series  were  calculated  and  found  to  be,  before  the  lighl 
was  turned   on,    (1)    I45ff,   (2)    11.;".    (3)    14,'.   (4)    I45ff,  (5)  11-".  (6) 
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139*,  (7)  144ff,  (8)  144ff,  (9)  135ff,  (10)  140°;  after  the  light  was 
turned  on,  (1)  154ff,  (2)  149ff,  (3)  148ff,  (4)  142ff,  (5)  14417,  (6)  151*, 
(7)  151ff,  (8)  139"7,  (9)  140ff,  (10)  143*.  This  shows  conclusively  that 
the  chief  disturbance  is  found  in  the  three  reactions  after  the  light  is 
turned  on.  The  greatest  lengthening  is  in  the  first  reaction.  Part 
of  that  is  certainly  due  to  the  same  effect  which  was  noticed  in  table 
IV,  namely  to  the  distracting  effect  of  having  the  light  suddenly 
appear.  But  the  presence  of  a  similar  though  less  effect  in  the 
next  two  averages  shows  a  distinct  influence  from  the  moving  light 
after  the  first  surprise  is  over.  Therefore  we  infer  that  part  of  the 
lengthening  in  the  first  reaction  with  the  swinging  light  is  also  due 
to  the  moving  light. 

Later  on  in  the  series  there  is  one  average  which  is  nearly  equal 
to  the  first  one  with  the  light  but  an  examination  of  the  individual 
experiments  shows  that  this  is  due  to  the  accidental  presence  in  that 
average  of  four  unusually  long  times. 

From  these  experiments  we  conclude  that  tin  influenci  of  light 
sensations  upon  the  tirm  of  reaction  to  sound  is  comparatively  small 
when  th<  light  is  steady,  but  becomes  very  marked  as  soon  as  th(  light 
begins  to  move. 

A  practical  application  of  this  fad  suggests  itself  at  once.  There 
is  no  advantage  for  purposes  of  simple  reaction  in  having  the  room 
dark.  But  it  should  not  be  lighted  by  a  window,  else  moving 
shadows  and  changing  intensities  will  affect  the  reactor.  It  must  not 
be  lighted  by  a  lamp  or  gas  jet  for  they  would  each,  in  the  case  of 
a  small  room  at  least,  raise  the  temperature  or,  in  case  the  room  were 
ventilated  by  a  current  of  air,  be  made  to  flicker  and  so  distract  the 
attention.  1 J 1 1 1  when  the  conditions  of  the  experiment  do  not  require 
a  dark  room  there  can  he  no  objection  to  the  presence  of  an  incandes- 
cent lamp.  On  the  contrary  the  person  experimented  upon  will  feel 
more  at  ease  in  a  lighted  than  in  a  dark  room  and  will  find  it  much 
easier  to  make  notes  of  any  important  points  which  occur  to  him 
during  the  experiments. 

Experiments  showing  the   influence  of   sensations  of  sound 
upon  the  time  of  simple  reactions  to  sound. 

The  experiments  thus  far  described  have  had  to  do  with  the 
influence  of  sensations  of  light  on  the  time  of  reaction  to  sound.  A 
similar  set  of  experiments  was  conducted  for  the  purpose  of  inves- 
tigating the  effect  of  sensations  of  sound  on  the  time  of  reaction  to 
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sound.     In   the  first   place  the  sound  used  was  a  steady  tone  pro- 
duced   by    an    electric    tuning-fork    vibrating    250    limes   a  second. 
This  tuning-fork  was  placed  on  a  shell'  before  the  transmitter  in  the 
rding-room   and   run   by  a   dip  battery.      When   the  telephone 

circuit    was  closed  this  lone  w.is  sen!    to  1  he    react  ion-room  and.  when 

the  two  receiving  telephones  were  connected  together,  was  heard  in 
the  same  telephone  in  which  the  signal  to  react  was  heard.  The 
moveable  drum  shown  in  the  diagram  makes  no  noise  and,  when  the 
operator  is  careful  and  the  rest  of  the  building  is  quiet,  uo  sounds 
reach  the  ear  of  the  reactor  through  this  telephone  save  those  of 
the  tuning-fork  and  the  Bignal  to  react.  The  tuning-fork  sound  is 
v"  l"inl  that  none  of  the  fainter  sounds  in  the  building  or  on  the 
streel  can  he  heard.  This  method  could  not  be  used  with  the  elec- 
tric drum  on  account  of  the  uoise  of  the  motor,  except  by  placing 
the  transmitter  and  the  fork  in  another  room. 

The  method  of  experiment  was  similar  to  thai  employed  in  inves- 
tigating the  influence  of  light-sensations.  Ten  experiments  were 
taken  in  silence,  then  the  telephone  circuit  was  closed  and  dur- 
ing the  remainder  of  the  series  the  person  heard  the  steady  lone  of 
the  tuning-fork  in  the  same  ear  in  winch  he  heard  the  stimulus. 
In  successive  series  the  order  of  silence  and  sound  was  changed  to 
eliminate  the  influence  of  sequence.  After  eighl  series  had  been 
taken  the  method  was  slightly  varied.  It  was  evidenl  thai  as  in  the 
case  of  the  steady  lighl  the  disturbance  was  very  small.  It  was 
thought  that  possibly,  as  in  the  case  of  a  steady  light,  the  influence 
would  be  greatest  upon  the  first  reaction  after  the  sound  was  turned 
on.  Therefore  to  gel  the  full  effect  of  this  influence,  instead  of 
taking  ten  experiments  in  silence  and  ten  more  with  the  tuning-fork 
sound  in  consciousness,  one  experiment  would  he  taken  in  silence, 
then  the  tuning-fork  sound  turned  on  for  the  second  reaction,  while 
the  third  would  he  in  silence  and  so  on  through  the  series.  In  each 
.  however,  the  tuning-fork  was  turned  on  immediately  after  the 
reaction  in  silence,  thus  giving  aboul  ten  seconds  tor  accommodation 
before  the  signal  to  react. 

By  changing  the  intensity  of  the  telephone-current  the  loudness 
of  the  tuning-fork  sound  was  varied  at  will.  For  the  purposes  of 
these  experiments  it  was  kepi  as  nearly  a-  possible  equal  to  that  of 
tin-  sound  which  served  a-  the  signal  to  react. 

Table  V  gives  tie-  averages  of  nil  these  -erics.  In  it  no  difference 
can  h<- d«t.-cted  between  the  time  of  reactions  in  silence  and  t  h<  .-<  ■ 
in  which  the  tuning-fork  was  heard.     Seven  of  the  individual  series 
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from  which  this  table  was  compiled  showed  a  slight  difference  in 
favor  of  silence  and  nine  showed  about  the  same  difference  in  favor 
of  those  with  the  sound.  Of  those  where  silence  and  sound  alternate 
the  same  thing  is  true.  Four  were  longer  in  silence  and  five  in  sound. 
The  final  average  gives  a  time  of  153ff  and  a  mean  variation  of  19a 
for  those  in  silence  and  a  time  of  152'7  with  a  mean  variation  of  18ff 
for  those  with  sound.  The  average  for  the  writer  was  141^  for  silence 
with  a  mean  variation  of  15ff  and  for  sound  139ff  with  a  mean  varia- 
tion of  16*7,  showing  a  slight  difference  in  the  same  direction  as 
the  combined  results  of  the  three  persons. 


TABLE  V. 


Silence 
141 

MV 

15 

// 

850  fork 

MV 

n 

C.  B.  B. 

104 

139 

10 

113 

W.  I.  C. 

Kir 

26 

33 

174 

22 

33 

A.  F. 

232 

42 

10 

242 

39 

8 

Weighted 

mean 

153 

19 

147 

152 

is 

154 

When  it  was  found  thai  the  presence  in  consciousness  of  a  steady 
tone  produced  no  appreciable  effect  upon  the  reaction-time,  with  the 
skill  in  reacting  thus  far  obtained,  il  was  thought  best  to  try  the 
influence  of  an  intermittent  sound,  as  in  the  former  experiments  a 
moving  light  took  the  place  of  a  steady  one.  The  most  convenient 
instrument  which  suggested  itself  for  this  purpose  was  the  metro- 
nome. Swift'  investigated  the  effect  of  the  ticking  of  the  metro- 
nome upon  discrimination-time  and  found  different  results  according 
to  the  rapidity  with  which  the  metronome  ticked.  He  also  found 
that  it  lengthened  the  time  of  simple  muscular  reaction.  In  a  series 
of  loo  experiments  he  found  the  reaction  to  be  1030,  with  a  mean 
variation  of  9a,  whereas  100  experiments  taken  while  a  metronome 
was  ticking  in  the  room  gave  122^,  with  a  mean  variation  of  \lr' . 

During  the  first  i\'\v  experiments  the  metronome  Avas  placed  in  the 
reaction-room  and  so  arranged    that    the  pendulum  was  held  to  one 

1  Swift,  Disturbance  of  the  attention  during  simple  mental  processes,  Am.  Jour. 
Psych.  1892  V  8. 
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■Mile  by  the  electro-magnel  until  the  circuit  of  the  magnel  was 
broken  in  the  recording-room.  Thus  the  metronome  could  be 
started  at  will  during  the  series.  Bu1  in  the  small  reaction-room  the 
sound  was  almost  too  loud  to  be  endured.  It  was  found  more  satis- 
factory to  place  the  metronome  on  the  shelf  before  the  transmitter 
in  the  recording-room,  as  had  been  done  with  the  tuning-fork. 
Here  the  operator  could  stop  the  sound  as  well  as  start  it  and  could 
regulate  the  intensity  s<>  that  it  should  he  aboul  the  same  as  that  of 
the  stimulus.  There  was  an  advantage  also  in  having  the  two 
sounds  come  iii  exactly  the  same  direction. 

The  or, lei-  was  the  same  a<  before,  ten  experiments  in  silence, 
then  ten  with  the  sound  ami  vice  versa.  In  different  series  the 
metronome  ticked  to,  80,  L20,  1G0  and  200  times  a  minute.  Table 
VI  gives  the  averages  for  each  of  the  rates. 


TABLE   VI. 


Kate  of  Metronome 

(l 

M 

80 

120 

160 

ITU 
20 

•J  tin 

169 

25 

Keact  inn-time 

152 

156 

184 

186 

Mean  variation 

13 

i; 

6 

26 

20 

Increase 

0 

32 

34 

93 

27 
01 

i: 

Number  of  experiments 

147 

28 

r.l 

42 

In  tin-  first  experiments  where  the  metronome  was  in  the  reac- 
fcion-room,  there  was  a  great  innervation  ami  strain  in  all  the  muscles 
of  the  body  called  forth  t<»  withstand  the  influence  of  the  metro- 
nome. This  was  not  noticed  while  the  metronome  was  ticking,  bul 
the  moment  it  stopped  the  sudden  relaxation  was  very  evident. 

At  the  beginning  of  the  experiments  there  i-  a  marked  change  due 
jetting  acquainted  with  the  sound  but,  owing  to  the  short  dura- 
tion of  the  experiment,  that  influence  does  not  continue  after  the. 
firsl  surprise  has  worn  away.  Judging  from  th<-  complete  inatten- 
tion to  a  clock  ticking  in  my  room  if  is  probable  that  after  listening 
to  a  metronome  tick  for  a  few  hours  it  would  no  longer  affect  the 
tion-time.  The  stopping  of  the  metronome  mighl  then  have  a 
temporary  effect.      Indeed,   in  these  experiment-  the  reactor   soon  he- 
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came  so  far  accustomed  to  the  sound  that  an  occasional  vibration  of 
the  metronome  spring,  just  loud  enough  to  be  heard,  seemed  more 
distracting  than  the  metronome  itself. 

From  these  experiments  we  conclude  that  the  influence  of  a  sound- 
sensation  upon  the  time  of  reaction  to  sound-sensation  is  very  small 
as  long  as  that  sound  is  a  steady  tone  but  becomes  very  marked  when 
tin  sound  is  intermittent. 

Experiments  showIng  the  difference  in  the  time  of  reaction 

to  sounds  when  the  sound  is  heard  in  two  ears 

instead  of  one. 

It  has  already  been  suggested  that  the  best  way  to  produce  a 
sound-stimulus  for  purposes  of  reaction  is  to  use  a  head-telephone 
with  a  receiver  at  each  ear.  The  following  set  of  experiments  were 
taken  to  show  the  relation  between  the  time  of  reactions  when  the 
stimulus  is  heard  in  one  ear  and  the  time  of  those  in  which  the  same 
stimulus  is  heard  in  both  ears. 

The  arrangement  of  the  telephones  has  already  been  described. 
The  method  of  experiment  was  similar  to  thai  of  the  experiments 
which  have  been  described  above.  The  person  reacted  ten  times 
with  a  telephone  at  only  one  car,  then  without  interrupting  the  series 
he  placed  the  second  telephone  at  the  other  ear  and  continued  to  react 
ten  times  more.  To  eliminate  other  influences  the  order  was  some- 
times reversed  and  the  first  half  of  the  series  taken  with  the  sound 
in  both  ears. 

Table  Y1I  gives  the  average  of  twenty-one  series  taken  in  this 
way.  With  the  exception  of  three  cases,  where  the  person  had  no 
experience,  the  reaction  t<>  the  sound  in  both  ears  is  much  shorter 
than  that  of  the  reaction  to  the  same  sound  in  one  ear.  The  average 
of  the  thirteen  series  upon  the  writer,  who  was  the  only  one  having 
experience  in  reacting,  with  the  exception  of  Dr.  Scripture,  give  for 
one  ear  a  time  of  147ff  and  a  mean  variation  of  19°,  for  two  ears  a 
time  of  \ZZa  with  a  mean  variation  of  ID'7.  The  number  of  experi- 
ments with  one  ear  was  108,  with  two  ears  123.  The  average  of 
eight  series  taken  on  four  other  persons  gives  for  one  ear  a  time  of 
207°  with  a  mean  variation  of  38ff,  for  two  ears  a  time  of  188ff  with 
a  mean  variation  of  31ff.  The  number  of  experiments  with  one  ear 
was  83,  with  two  ears  82. 

A  natural  explanation  of  the  difference  between  the  reaction-time 
when  the  signal  is  heard  in  one  ear  and  the  reaction-time  for  the 
same  signal  heard  in  two  ears  would  be  found  in  the  difference  in 
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the  intensity  of  the  sound  as  heard  in  the  two  ways.  In  order  to 
see  whether  thi-  explanation  was  satisfactory  or  not,  Qfteen  series  of 
experiments  were  taken  in  which  the  stimulus  was  varied  in  inten- 
sity from  a  l(»u<l  to  a  weak  sound. 

This  change  of  intensity  was  secured  by  introducing  a  resistance- 
bos  into  the  telephone  circuit.  The  battery  then  in  use  consisted  of 
twelve  gravity  elements.  With  the  norma]  resistance  of  the  circuit 
they  gave  a  current  of  0.5  amperes.  With  an  additional  resistance 
of  LOO  ohms  the  current  was  reduced  to  0.08  amperes  and  the  click 
made  by  making  the  circuit  was  a  weak  sound  compared  with  that 
heard  in  the  telephone  when  the  normal  current  was  used.  Vet  it 
was    a    sound    which    could    be   distinctly  recognized.      A   switch    was 

so  arranged  that  by  a  turn  of  the  lever  the  resistance  bos  could  he 
broughl  into  the  telephone  circuit. 


TABLE  VII. 


i  me  ear 

MV 

II 
108 

Two  ears 
L33 

MV 

// 

C.  B.  B. 

1 1; 

19 

19 

123 

E.  W.  S. 

269 

58 

i; 

199 

38 

20 

T.  J.  L. 

182 

35 

39 

175 

26 

33 

W.  I.  C. 

192 

29 

15 

201 

33 

39 

Weighted  mean 

170 

■>: 

179 

158 

24 

215 

The  average  for  L 32  experiments  with  the  loud  sound  was  143CT, 
with  a  mean  variation  of  13ff.  The  average  of  126  with  the  weak 
sound  was  L53ff,  with  a  mean  variation  of  L6ff.  The  difference 
between  the  loud  and  weak  sound  was  I0ff.  That  between  one  and 
t  wo  i-Ai-  was  6ff. 

Attention  might  he  called  in  passing  to  the  fact  that  in  this  set  of 
experiments  four  series  were  taken  in  which  the  succession  of  loud 
and  weak  intensities  was  irregular.  The  experimenter  was  told  to 
make  it  a-  irregular  a-  possible.  The  average  of  these  four  series 
for  the  loud  sound  i~  1  \-'<r,  for  the  weak  sound  loo'7.  The  mean  vari- 
ation   from  the  average  of  the  whole  set  is,  for  the  loud  1617,  for  the 
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weak  \1G.     The  number  of  reactions  to  the  loud  sound  was  64  to  the 
weak  sound  66. 

These  figures  are  in  marked  contrast  to  those  of  Wundt.  With 
him  18  successive  reactions  to  a  strong  sound  gave  a  time  of  116ff 
with  a  mean  variation  of  10CT.  A  set  of  9  reactions  to  a  weak  sound 
gave  a  time  of  12 1a  with  a  mean  variation  of  12ff.  When  the  suc- 
cession of  loud  and  weak  sounds  was  irregular  the  time  for  the  loud 
-  mud  was  189a,  mean  variation  'iSa,  number  of  experiments  9.  The 
time  for  the  weak  sound  was  208'7,  mean  variation  76a,  number  of 
experiments  15.  The  increase  due  to  irregularity  in  his  ease  amounts 
to  114ff,  in  our  case  to  12*7. 

It  can  scarcely  be  that  there  was  a  greater  difference  between  the 
sounds  he  used  ;  the  difference  in  the  present  case  was  so  great  that 
the  loud  sound,  when  the  order  was  unknown,  was  greatly  dreaded 
and  always  produced  a  decided  shock. 

There  are  two  other  series  of  experiments  which  are  worthy  of 
note,  having  been  taken  without  warnings.  Their  average  for  forty 
experiments  is  L39ff,  mean  variation  26°,  whereas  the  average  of  the 
thirteen  series  taken  on  the  same  person  under  the  same  conditions 
but  with  the  warning  was  14oc  with  a  mean  variation  of  19ff  ;  total 
number  of  experiments  231.  Wundt's  figures  on  the  same  point  are, 
with  warning  L25ff,  without  warning  25  9ff,  total  number  of  experi- 
ments, 61. 

We  have  shown  that  a  large  part  of  the  difference  between  the 
time  of  one  and  two  ear  reactions  is  due  to  the  difference  in  intensity. 
But  to  test  this  point  more  closely  another  set  of  experiments  was 
taken  in  which  this  factor  was  entirely  eliminated,  yes,  more  than 
eliminated.  The  reaction-time  of  one  and  two  ears  was  compared  as 
in  the  last  set  but  at  the  same  time  the  intensities  of  the  currents 
were  varied  so  that  the  sound  heard  in  one  ear  was  judged  to  be 
much  louder  than  the  combined  result  of  a  weaker  sound  heard  in 
both  ears.  If  intensity  be  the  only  factor  in  producing  the  differ- 
ence between  one  and  two  ear  reactions  then  the  reaction  under  these 
conditions  ought  to  be  much  longer  for  one  ear  than  for  two.  In 
only  two  series  was  there  any  marked  difference  between  the  two. 
One  of  these  is  in  favor  of  the  loud  sound  in  one  ear  the  other  in 
favor  of  the  weak  sound  in  two  ears.  The  difference  between  the 
final  averages  of  the  ten  series  is  only  la,  practically  0. 

Therefore:  the  reaction -time  to  sounds  heard  in  two  ears  seems  to 
be  shorter  than  for  the  same  sound  heard  in  one  ear  even  after  due 
allowance  has  been  made  f>>r  difference  in  intensity. 
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In  all  of  these  experiments  the  sound  in  two  ears  was  Located  in 
the  upper  interior  part  of  the  head.  Turning  the  attention  toward 
the  sound  resulted  in  rolling  the  eyes  upward  :  the  sound  seemed 
closer  at  hand  and  less  effort  was  required  for  reaction  than  when 
the  stimulus  was  heard  in  only  one  ear:  the  reaction  also  seemed 
more  automatic,  especially  when  the  attention  was  turned  toother 
thii 

(    OCCLUSIONS     FROM     III  1 :    THREE     PRECKDI  N(l    SKI    IIONS. 

The  general  results  of  these  experiments  in  reaction-time  can  be 
summed  up  as  follows: 

1.  The  experiments  did  not  indicate  any  difference  in  reaction- 
time  produced  by  changing  the  color  of  the  light  present  in  the 
tield  of  vision. 

2.  No  difference  was  detected  between  the  times  of  reactions  in 
the  dark  and  those  made  while  looking  at  a  stationary  incandescent 
light  of  six  candle  power. 

3.  When  this  light  was  in  motion  the  react  ion-time  was  lengthened. 

4.  No  difference  was  detected  between  the  times  of  reactions  in 
silence  and  those  made  while  listening  to  the  steady  sound  of  a 
tuning-fork  making  250  vibrations  per  second. 

"i.  When  the  intermittent  sound  of  a  metronome  was  substituted 
for  that  of  the  folk,  the  reaction-time  was  lengthened. 

6.  The  reaction-time  to  a  sound  heard  in  both  ears  is  shorter  than 
when  the  sound  is  heard  only  in  one  ear.  even  after  making  allow- 
ance for  the  difference  in  intensity. 

Introspective  observations  os   eeactions. 

During  the  larger  part  of  the  experiments  pencil  and  paper  were 
kept  in  the  reaction-room  and  immediately  after  each  series  of 
experiments  the  person  reacting  noted  down  any  conditions  liable  to 
affeel  the  time  of  his  reaction  and  any  observations  which  might 
throw  lighl  on  the  nature  of  reaction-time.  These  notes  were  after- 
wards transferred  to  the  record  blanks  just  below  the  records  to 
which  they  referred  in  order  that  these  records  might  be  used  more 
intelligently. 

A  careful  study  of  the  notes  together  with  the  records  to  which 
they  refer  brings  out  many  intere>tin;r  points.  Not  all  of  them  can 
be  touched  upon  here  hut  the  most  important  ones  will  be  found 
below  substantially  as  they  were  written  down  from  day  to  day. 
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After  a  few  weeks  practice  reacting  becomes  so  much  a  matter  of 
habit,  that  trying  to  recall  what  has  taken  place  during  a  series  is 
like  trying  to  remember  dreams.  The  more  striking  points  are 
easily  retained  but  the  larger  part  of  the  points  which  are  noticed 
during  the  series  are  gone  beyond  recall  unless  they  are  noted  down 
within  a  few  minutes.  A  little  practice  enables  one  to  record  all 
mistakes  in  reacting,  all  reactions  to  warnings,  all  reactions  regis- 
tered before  the  signal  is  heard  and  all  cases  where  the  reaction-time 
is  greatly  lengthened  by  a  physical  or  mental  disturbance. 

Notes  made  ix  the  Reaction-Room  Immediately  after  Experiments. 
The  following  abbreviations  are  used  : 

W= Warning. 

R=Reaction. 

M= Muscular. 

Att = Attention . 

"  f  ore  "=Reaction  before  the  signal. 

Met  =  Metronome. 

Om= Omitted. 

a=first,  b  second  half  of  a  series. 

The  figures  are  taken  from  the  original  records  for  comparison  with  the  notes. 
The  numbers  of  three  figures  are  reaction-times,  those  of  one  or  two  figures  are 
mean  variations.  Where  two  sets  of  figures  are  given  the  first  pair  is  the  first 
half  and  the  second  pair  the  second  half  of  a  series.  When  the  note  refers  to  a 
particular  experiment  that  one  is  compared  with  the  rest  of  the  series  and  its 
figures  are  given  first.  In  order  to  make  the  meaning  of  the  notes  clearer  ex- 
planatory remarks  have  been  added ;  these  are  distinguished  by  italics. 

1.  R.  to  light. 

2.  Sounds  heard  outside. 

63.  Irregularity  due  to  novelty  of  M.  (134-6 — 138-17).     Showing  that  the  irregu- 

larity  was  over-estimated. 
<;•").  Turn  Att.  =  turn  eye. 
76.  6,  8-11.     React  with  jerk.     (133—135-8).      The  average  of  these  four  is  2° 

shorter  than  that  of  the  rest  of  the  series. 

78.  React  with  full  arm  movement.     (138-13—137-28). 

79.  R.  to  W. 

N2-4.  Tired,  nervous,  slow.     (134-26 — 118-20.)     Mistake  in  judgment. 

94.  W.  I.  C.      "  No  difference."     (209-22—181-31.)     Showing  lack  of  practice. 

95.  Notice  regularity  with  two  ears.     The  figures  don't  show  it. 

96.  a.  1.     React  in  spite  of  resolve.     (222 — 197-26.)    A  purely  automatic  reac- 

tion, extra  long. 
96.  Trying  to  think  of  Schopenhauer.     (200-27—179-24.)    At  least  50°  longer 

than  the  normal  reaction-time. 
99.  One  R.  before  will  impulse. 
98.  R.  to  W. — b,  1,  om.  in  relaxation  of  silence.    Sound  terrific.    (Silence  133-7 

— with  sound  133-10.)     No  effect  from  this  very  loud  tuning-fork  sound. 
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LOO.  a,  usual  way,  b,  tense  muscles.  (146-88—120  16.)  In  one  case  will  didn't 
overcome  pressure.  Aft.  confused  In  learning  a  new  lesson.  In  spite  of 
confusion  the  reaction  with  tense  muscles  are  Wa  shorter  than  the  others ! 

105.  Last  four,  extra  effort.     (168—161-10.) 

106,  T.   Dr.  Scripture  "Not  used  to  react  without  \V.     Have  to  'wake  up'  when 

only  one  ear  is  used."     Two  ear  reaction  is  more  automatic. 
L08    B.  to  small  Bound  raises  finger  but  little.     Showing  the  reflex  element  in  all 

reactions. 
109.  a.  5.  R.  too  weak  to  raise  finger,  b,  8    -tore."  7-10,  absorbed  in  plans. 
111.   a.    one    "fore."     All  sorts  of  distractions,    pain   in   toe,    wagon,    shadows, 

thought. 
[J8,    Last  one  quick.     Way  prepared  for  motor  impulse.     (127 — 156-15.)    Correct 

estimate. 
1 11    9  '•  fore."  Met.  very  loud,  scarcely  hear  W. 

115.  R.  to  W.      Last  3  good.      First  2  om. 

116.  Met.  gives  terrific  sound. 

119-21.   Effort  to  touch  a  point  6  in.  away. 

126.  The  same.     Very  quiet ;  perfect  type,     b,  att.  more  to  muscles.     (133-13 — 

139-11.) 

128.  a,  one  ear,  b,  two  ears.     Two  slightly  longer.     (148-13—142-23.)     Error  i n 

judgment. 

127.  I  me  om.  driven  out  by  another  idea.     R.  to  W.     Every  W.  heard  with  ten- 

dency to  R. 

129.  Sensory— M.  M.  quicker,  harder.     (129-10—127-9.)     Not  enough  quicker  to 

l„-  detected. 

130.  a.,    i.      Terrific    scraping;  =insulation  worn    off   in  key.     b,  Att.  =  rolling 

eyes  up. 
134.  2-1    ear.      2   ear   quicker.      (127-7—140-15.)     Correct.      a,    9   Automatic. 
Mind  returning  from  wandering  surprised.     (124-7 — 183.) 

136.  Att.  all  over,  affects  nerve  force. 

137.  Loud — faint.     Tend  to  give  more  Att.  to  faint  sound  at  first. 

141.  Att.  wandered.     (157-17.1     ?0a  longer  than  normal, 

142.  (153-14—132-9.))      Exercise  between   142   and   143.      Quick   pulse,    deep 

143.  (129-6— 127-13.)  J      breathing.     Shortening  the  time  %jp. 

144.  Careful  Att.  Sensory  (?).     Eye  turned  up.    a,  5,  long  (202).    b.  6,  long  (226). 

(153  13—170-7). 

145.  Faint  demands,  loud  compels  Att.     Att.   wandered.     (Faint   152-17— loud 

1 32-4). 

149.  9j    "fore."  M.    Faint-loud.      Don't  notice  dif.  intensity.     M=hard  work. 

(150-15—156-31.)    Attempt  at  muscular  reaction  a  failure. 

150.  React  best  way.     Att.  good.     (168-19—171-8.)     Error  in  judgment. 

153    Faint-Loud.     Irreg.     No  accommodation,  no  guessing.     (148-16—167-21.) 
154.    No  influence  from  knowledge  of  problem.     One  R.  too  faint  to  be  recorded. 
156    Sound  varies  from  large  sound  to  small  short  sharp  pops=poor  contact  in 
multiple-key. 

158.  1  ear  loud— 2  ear  week,     b,  1  No  R.;  too  weak  for  one  ear. 

159,  b.  1.  loud  sound  in  two  ears.     Awful  start— Quick.     (128 — 141-7.)     A  case 

irfwrr  tin-  ,-elle.r  elf, unit  shortens  the  time. 
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160.  Last  half  thinking  of  something  else.     (134-159.) 

161.  Met.  magnet  didn't  work.     Started  it  myself. 
164.  Distr.  of  small  sounds  more  than  Met. 

171.  Reverberation  of  Met.  spring  very  distr.     (160-12 — 196-21). 

172.  Head  most  aches.    Not  feeling  well.     W.  don't  nerve  me  up.    Sleepy.    (132- 

11—156-16). 

176.  One  "fore." 

177.  Sleepy.     Not  energy  enough  to  tell  what  I  have  done.     It  was  pretty  good. 

(156-17—193-29.)     Error  in  judgment. 

178.  Not  so  good.     Uncomfortable  position.     Thought  distr.    more  than  noise. 

(172-27—167-13.) 
182.  Clear  mind,  like  crystal,   a  sharp  frosty  morning,  or  the  clear  blue  sky. 

(149-16—155-19). 
186.  Thinking  of  key.     Does  it  distract  '.     (150-21 —196-48).     Decidedly. 
184.  Noise  of  met.  board  provokes  me.      (151-8 — 205-9.)     Showing  that  irreg. 

sounds  are  much  more  distracting  lima  the  metronome. 

195.  Twoom.;   one  slow.     No   light   at   first.     2-4,    one  ear.     Wagon:     Out   of 

patience !     (136-8—158-15.) 

196.  Best  yet.     (154-12—129-8.)     a,   1-6,  uneasy,     b,   first   rate  ;    key   between 

fingers. 
198.  a.     Not  esp.  good.     (134-16—146-10.)     2-4,  Att,   off.    147,   138,   139.      As 
good  as  196. 

204.  Some  one  up  stairs.     Warning  out  of  order.     (151-13—158-12.) 

201.  Distr.  small.     (130-7—139-10.) 

202.  Too   fast.     Fairly   good.      (127-10—134-17.)      Last   3   thinking   of    spark. 

125,  180,  128. 

205.  a,  6.     Wagon  heard  on  the  street.     (122—136-13.)     No  disturbance  shown  — 

b,  3.     Seashore  dropped  something.     (156—139-12.) 

208.  Seems  long.     Att.  Wanders.     (159-15—161-14.)     Decided  effect. 

209.  Little  Att.     Not  tired.     No  ability   to  apply  myself.     (171-10—151-6.) 

206.  First  rate,  last  half  of  b,  distr.  by  wagon  because  I  ought  not  to  hear  it. 

(139-16-156-13.) 

207.  Not  so  good.     Too  excited,     b,  light  steadies  me.     (143-9—148-17.) 

208.  Hard  to  hold  att.  for  20  experiments.     (146-11—162-11.) 

209.  Impossible  to  do  good  work.     Think  of  everything.     (138-9—151-13.) 

210.  Old  position,  elbow  on  table.     First  class  example  of  inattention.     Reac- 

tion natural  in  the  flow  of  ideas.     (141-13 — 140-8.) 

211.  First  rate;  b,  1?  "fore."     Innervate  finger  and  fore  arm.     (132-14—141-11.) 

213.  Very  good,      b,   end,   M.     (180.)      One  before  sensory.      (129.)     Perfectly 

passive.     Not  innervation  enough  to  hold  the  key.     (129-8 — 141-20.) 

214.  Not  quite  as  good.     (121-12—135-15.) 

215.  Try  to  get  away  from  bodily  feelings = innervate  Cortex.     (128-7 — 147-13.) 

216.  The  same.     (126-12—145-9.) 

The  first  impression  on  reading  over  these  notes  is  one  of  surprise 
at  the  number  of  experiments  in  which  thei-e  is  some  disturbance  of 
the  attention  aside  from  that  of  the  stimulus  and  warning.  No 
amount  of  care  in  the  preparation  of  a  reaction-room  and  in  remov- 


86  Investigations  in  reaction-tiim  <nul  ntt<  ntion. 

ing  external  influences  can  do  away  with  skin  sensations,  with  mus- 
cular feelings,  with  changes  in  the  physical  and  mental  condition  or 
with  the  ceaseless  flo\n  of  thought. 

An  examination  of  the  aotes  shows  that   these  disturbances  vary 

greatly.  At  times  they  are  very  prominent  ;  then  again  they  will 
be  scarcely  ooticed.  Record  196  is  such  a  case.  The  note  says  of 
the  series  as  a  whole  "best  yet,"  of  the  first  half  "uneasy"  of  the 
second  half  "first  rate."  The  figures  are:  .lark  154°  with  mean 
variation  L2ff,  steady  light  129°  with  mean  variation  8ff.  Records 
134-7  also  oughl  to  have  more  weigh.1  than  the  average  series. 
Their  note  says  "best  part  of  the  day,  excellent  physical  condition, 
mind  clear  and  sharp."  The  figures  in  this  case  are  :  two  ears 
l  •_".'"  .M.  Y.  9ff,  one  ear  139°  M.  V.  14".  Certainly  the  average  of  a 
dozen  series  all  of  which  had  a  similar  certificate  of  the  conditions 
under  which  they  were  taken  would  give  different  results  from  those 
of  a   sel    made  up  from  records   like  178.     The  note  on  this  record 

read-  "Not   so  g 1:   uncomfortable  position.     Thought  distraction 

verv  ffreat."  The  times  are:  silence  167ff  M.V.  13"';  metronome 
l  72°  M.  V.  27ff.  To  gain  the  most  trustworthy  results  a  large  number 
of  experiments  should  he  taken  and  only  those  used  which  are  free 
from  all  conscious  disturbance. 

Though  introspection  is  of  great  value  in  estimating  the  general 
conditions  of  an  experiment  and  showing  the  influences  which  affect 
the  results  yet  it  is  not  to  be  trusted  in  estimating  the  results  them- 
selves.  Aside  from  the  fact  that  the  mind  is  unable  to  accurately 
estimate  small  divisions  of  time  under  the  most  favorable  conditions,1 
it-  judgment  i-  peculiarly  liable  to  be  affected  by  the  conditions  of 
then-action.  Its  report  is  what  it  thinks  ought  to  be  rather  than 
what  it  actually  sees.  For  instance,  in  series  82-84  the  reactor  was 
tired  and  nervous  and  therefore  judged  the  reaction-time  to  be 
longer  than  usual.  The  figures  are:  one  ear  134°  M.V.  26ff,  two  ears 
L18°  M.V.  20ff,  showing  that  the  nervous  excitement  more  than 
counterbalanced  the  physical  fatigue. 

In  series  L50  after  having  reacted  in  the  muscular  way  in  the  pre- 
vious experiment,  the  person  reacted  in  the  way  which  he  thought 
would  give  the  shortest  time.  Accordingly  he  judged  the  time  of 
that  series  t.,  he  less  than  that  of  the  preceding  one.  The  figures 
for  this  one  are:  loud  168^  M.  V.  19*,  weak  171°  M.V.  8°;  for  the 
preceding  one:  loud  L50°  M.V.  15ff,  weak  156°  M.V.  31 ff,  being  just 
the  reverse  of  his  judgment. 

i  bIabtius,  Ueber  die  musculdre  Reaction  und  die  Aufmerksamkeit,  Phil.  Stud. 
1891  VII  167. 
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The  last  four  reactions  of  series  76  were  made  with  a  violent  jerk. 
More  effort  Mas  put  forth  and  the  mind  inferred  that  the  reaction 
must  be  quicker.  The  average  of  the  last  four  was  \3%0,  that  of  the 
first  half  of  the  series  132CT. 

Again,  in  78  the  reaction-time  was  judged  shorter  than  usual.  In 
this  case  the  hand  was  raised  to  the  shoulder  in  every  reaction.  There 
was  more  motion  and  moi*e  effort,  therefoi-e  the  mind  judged  that 
the  reaction  started  quicker.  The  figures  are  :  silence  138CT  M.V. 
13ff  ;  with  fork  sounding  in  the  telephone  13 7^  M.V.  28ff. 

In  several  series,  126a,  126b^  127  the  reaction  consisted  in  touching 
a  point  on  the  table  six  inches  from  the  key.  Raising  the  finger 
from  the  key  to  make  this  motion  broke  the  spark-coil  circuit,  and  so 
only  the  beginning  of  the  motion  was  registered.  Here  again  the 
mind  was  mistaken  in  judging  that  the  reaction-time  was  quicker 
than  usual.  The  average  of  the  parts  of  these  series  not  subject  to 
other  disturbing  influences  was  l  U°  M.V.  llff. 

In  connection  with  these  experiments  where  the  attention  was 
directed  to  a  motion  for  which  the  reaction  was  a  means,  the  idea 
suggested  itself,  but  has  not  yet  been  carried  out,  of  having  a  second 
reaction-key  in  place  of  the  point  on  the  table.  Then  we  should 
have  recorded  in  addition  to  tin-  reaction-time,  the  time  required  to 
make  a  certain  movement.  This  would  doubtless  vary  from  time  to 
time  with  changing  mental  and  physical  conditions.  None  of  its 
variations  could  he  attributed  to  influences  acting  upon  the  conscious 
part  of  the  reaction  as  it  would  he  purely  automatic  after  slight 
practice.  This  might  throw  some  light  on  the  relative  portion  of 
the  variation  in  reaction-time  which  is  to  be  assigned  to  the  purely 
psychical  part.  Possihly  it  might  hi'  used  instead  of  the  simple  reac- 
tion as  a  standard  for  comparing  the  different  kinds  of  reaction-time- 

Between  142  and  143  the  reactor  went  through  vigorous  muscular 
exercise  so  that,  whereas  142  was  taken  with  the  body  in  a  quiet 
passive  state,  during  143  the  pulse-heat  was  strong  and  rapid,  the 
breathing  deep  and  heavy  and  the  whole  system  generally  excited. 
The  figures  for  142  are  :  153°  M.V.  14^  for  a  loud  sound  in  one  ear 
and  132°  M.V.  9ff  f or  a  weak  sound  in  two  ears.  The  figures  for 
143,  after  the  exercise,  are  :  129*7  M.V.  6a  for  the  loud  sound  in  one 
ear  and  127cr  M.V.  13CT  for  the  weak  sound  in  two  ears.  The  shorten- 
ing of  the  time  by  exercise  was  1417. 

But  the  chief  value  of  these  notes  is  found  in  the  light  which  they 
throw  upon  the  nature  of  simple  reactions.  In  the  first  place,  are 
these  reactions  muscular  or  sensorial  ? 
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Wundl  says  that,  with  a  signal  loud  enough  to  he  clearly  heard, 
we  naturally  read  in  the  muscular  way.  He  explains  the  difference 
between  the  time  of  reactions  to  weak  sounds  and  those  to  loud 
sounds  as  due  to  a  passing  from  the  sensorial  to  the  muscular  way  of 
reacting.  In  all  of  our  experiments,  with  a  few  exceptions,  the 
signal  to  react  was  a  loud  sound.  This  would  seem  to  indicate  thai 
our  reactions  weii'  muscular.  Furthermore,  the  two  criteria,  which 
Wundt  regards  as  sure  signs  of  muscular  reaction,  were  both  present. 
In  six  cases  at  least  a  reaction  was  registered  just  before  the  signal 
to  react  was  heard,  while  scarcely  a  series  passed  in  which  there  was 
not  oiu'  or  more  reactions  to  a  warning. 

On  the  other  hand,  throughoul  the  whole  course  of  experiments 
the  reactor  believed  that  he  was  reacting  in  the  sensorial  way.  The 
attention,  with  the  tew  exceptions  about  to  he  mentioned,  was  invari- 
ably directed  to  the  ear  or  rather,  as  it  seemed  to  him,  to  the  sound 
to  be  heard.  The  eyes  turned  in  that  direction  and  there  was  a  dis- 
tinct feeling  of  accommodation  in  that  part  of  the  head,  due  to  a 
combined  muscular  and  nervous  excitation.  The  reactor  even  went 
so  tar  as  to  attempt  reactions  after  the  muscular  way,  carefully  direct- 
ing the  attention  toward  the  hand  or  the  movement  to  be  made. 
In  one  case,  before  the  reaction  habit  had  been  formed,  the  reaction 
was  shortened  in  this  way  from  about  140fT  to  IOC7.  In  one  of  the 
later  series,  L39,  an  effort  was  made  to  have  the  last  three  reactions 
muscular,  two  of  these  were  110ff  and  112ff  while  the  average  of  the 
other  half  of  the  series  was  142ff  M.V.  8ff.  These  would  seem  to  be 
true  cases  of  muscular  reaction,  if  there  be  such  a  thing.  But  in 
generaltheattem.pt  to  shorten  the  reaction-time  by  turning  the  at- 
tention toward  the  hand  or  the  movement  to  be  made  was  a  decided 
failure.  .More  often  the  time  was  lengthened.  It  seemed  very  diffi- 
cult to  overcome  the  habit  of  turning  the  attention  toward  the  ear. 

It  would  seem  that  those  experiments  in  which  the  attention  was 
directed  to  a  peculiar  movement  of  the  hand  or  arm,  to  touching  as 
quickly  as  possible  some  point  near  the  key  or  raising  the  hand  as 
quickly  a-  possible  to  the  shoulder,  satisfied  the  definition  of  mus- 
cular reaction.  Yet  none  of  these  --how  any  signs  of  a  decrease  in 
the  reaction-time. 

Finally,  in  none  of  the  reactions  save  those  in  which  there  was  an 
attempl  at  the  muscular  method,  did  the  person  experience  that 
peculiar  physical  fatigue  which  is  generally  ascribed  to  the  mus- 
cular mode  of  reacting.  The  fatigue  was  always  mental.  As  such 
it  was  very  marked  at  the  end  of  five  or  six  series.  From  this  point 
of  view  these  reactions  must  he  regarded  as  sensorial. 
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But  again,  according  to  Wundt,  the  peculiar  nature  of  muscular 
as  opposed  to  sensorial  reaction  lies  in  the  fact  that,  while  the  sen- 
sorial reaction  contains  an  apperceptive  link  in  the  chain  of  causes 
leading  to  the  reaction,  this  disappears  in  the  muscular  method  and 
the  reaction  becomes  a  purely  automatic  brain  reflex. 

Turning  to  the  notes  taken  in  the  reaction-room  we  read,  "  Reac- 
tion a,  1,  series  96,  was  made  in  spite  of  a  resolve  not  to  react." 
This  was  certainly  a  purely  "automatic  brain  reflex"  and  contained  no 
"apperceptive"  link.  The  time  of  this  reaction  in  the  table  is  222ff. 
The  average  of  the  rest  of  the  series  197ff  M.V.  26ff.  Reaction  a,  9, 
series  134,  was  made  while  consciousness  was  entirely  absorbed  in 
something  else.  When  it  returned  to  the  scene  of  operations  it  was 
quite  surprised  to  find  that  a  stimulus  had  been  received  and  a  reac- 
tion made  in  its  absence.  Its  servants  had  done  better  than  it  ex- 
pected. Surely  this  must  be  an  "automatic  brain  reflex,"  with  no 
trace  of  conscious  perception  or  "  apperception."  The  time  was  183ff, 
that  of  the  whole  series  124*  M.V.  7a. 

In  series  99  one  reaction  took  place  before  the  will  to  react.  That 
was  set  down  at  the  time  as  a  brain  reflex.  Its  time  however  was 
not  materially  different  from  that  of  the  other  reactions  in  the  series. 

Several  times,  for  instance  in  1<)8,  it  was  remarked  that  a  reaction 
to  a  weak  sound  only  raised  the  finger  a  little  whereas  the  reaction 
to  a  loud  sound  raised  it  over  an  inch. 

These  instances  all  seem  to  show  that  as  soon  as  the  habit  is 
formed  all  our  reactions  are  in  the  main  brain  reflexes.  But  they 
show  just  as  conclusively  that  quick  l'eactions  are  something  more. 
The  reflex  action  left  to  itself  is  slow,  compared  with  the  reflex 
action  with  the  concentrated  effort  of  the  mind  to  hurry  it  along. 

Wundt  lavs  great  emphasis  upon  reactions  to  the  wrong  signal  as 
proving  the  reflex  nature  of  muscular  reaction.  Martius1  takes 
him  to  task  for  this  and  proves  that  he  is  wrong  by  showing  that  the 
same  phenomenon  occurs  in  sensorial  reactions.  Wundt  is  right. 
They  do  prove  that  muscular  reactions  are  brain  reflexes.  But  they 
also  prove  that  sensorial  reactions  are  reflex  in  exactly  the  same  sense. 
A  note  was  made,  referring  to  127a,  in  which  there  had  been  a  reac- 
tion to  a  warning,  "  every  warning  is  heard  with  a  tendency  to 
react."  And  so  it  is  with  all  sounds.  All  sounds  tend  to  produce 
motion  in  some  part  of  the  body.  We  notice  it  in  the  case  of  loud 
sounds,  in  the  case  of  sounds  which  startle  us  and  especially  in  the 
case  of  rhythmic  musical  sounds.     In  the   same  way  reaction  is  a 

1  See  the  article  cited  above. 
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brain  reflex.  Therefore  the  difference  between  sensorial  and  mus- 
cular reactions  is  not  to  be  found  by  deciding  whether  or  not  they 
arc  brain  reflexes. 

The  key-note  to  much  of  the  confusion  about  the  different  kinds 
of  reaction  lies  in  the  indefinite  use  of  the  word  attention  and  in  a 
lack  of  careful  introspective  analysis  of  what  actually  takes  place  in 
consciousness. 

The  word  attention  is  most  commonly  used  in  the  sense  of  idea- 
tional attention.  This  kind  of  attention  is  described  by  such  expres- 
sions as:  "Having  a  clear  idea  of  the  object  of  attention;1'  "keep- 
in-  the  object  in  the  foreground  of  consciousness;"  "thinking 
about  an  object  calmly  and  quietly,  yet  clearly."  It  is  passive  as 
distinguished  from  the  two  following  varieties  of  attention.  There 
is  little  feeling  of  effort.  What  there  is.  is  largely  devoted  to  the 
inhibition  of  other  ideas.  Doubtless  there  is  a  slight  innervation 
and  muscular  contraction  but  they  are  not  prominent  in  conscious- 
ness. 

This  kind  of  attention  can  be  directed  to  any  part  of  the  body,  to 
any  motion  to  be  made  or  Btimulus  to  be  perceived,  or  to  something 
entirely  disconnected  from  the  experiment.  For  instance,  in  one 
series.  96,  the  reactor  fixed  his  attention  on  a  lecture  which  he  had 
just  attended.  The  time  for  one  ear  was  -Unf  .M.Y.  2la,  for  two  ears 
IT'.'"  M.Y.  24ff.  This  exceptionally  long  lime  was  not  due  entirely  to 
voluntary  diversion  of  the  attention  ;  the  series  was  also  taken 
without  a  warning  to  tell  when  the  signal  was  to  lie  expected. 

A-  a  rule  this  kind  of  attention  does  not  shorten  reaction-time. 
So  far  as  distinct  thought  forms  are  concerned,  the  nearer  a  blank 
the  mind  can  be  kept  the  more  satisfactory  seems  the  reaction. 

Often,  turning  the  attention  to  another  object  seems  to  facilitate 
the  movement,  just  as  in  writing  the  hand  moves  more  freely  when 
the  attention  is  directed  to  the  word  being  written  than  when  it  is 
directed  to  the  muscular  effort  involved.  It  seems  to  drain  off  the 
surplus  ideational  f  nee  and  leave  the  field  clear  for  the  reaction. 

Using  the  word  in  this  sense  MartiUS  is  rjghl  in  criticizing  Mi'ns- 
i  EJRBEBG  when  he  speaks  of  the  idea  of  the  sound  as  fusing  with  the 
idea  of  a  movement  to  be  made.  There  is  no  fusing  together  of 
these  idea-.  Association  i-  the  word  which  describes  their  relation 
ne  another,  and  the  association  is  always  a  temporal  succession, 
ao  far  a-  the  idea-  themselves  are  concerned.  It  is  impossible  to 
keep  two  of  tln-c  idea-  iii  consciousness  for  any  length  of  time. 
When  the  effort  is  made,  it  results  in  a  rapid  passing  from  one  to  the 


Investigations  in  reaction-time  and  attention.  41 

other.  First  one  comes  into  the  foreground  of  consciousness,  then 
the  other. 

A  second  sense  in  which  the  word  is  used  is  that  of  neural  atten- 
tion. Were  it  not  for  the  fact  that  the  word  usually  implies  an 
increase  in  the  muscular  tension  this  might  he  called  innervation. 
It  results  in  brmering  into  consciousness  the  neural  sensations.  Some- 
times  it  seems  like  a  voluntary  control  of  the  nerve-force  similar  to 
the  involuntary  change  which  is  produced  by  a  severe  strain  when 
an  increase  in  nervous  excitement  for  the  time  being  counterbalances 
physical  fatigue.  Closely  combined  with  it  there  may  be  more  or 
less  of  the  feeling  of  outgoing  will  force  as  experienced  in  willing- 
games  where  one  person  wills  another  to  do  some  particular  thing. 

This  is  closely  connected  with  a  third  meaning  of  the  word  atten- 
tion, namely,  feeling-attention,  i.  e.  the  becoming  immediately  con- 
scious of  different  parts  of  the  body,  which  may  be  expressed  either 
as  bringing  those  parts  into  consciousness  or  as  extending  conscious- 
ness into  them. 

Using  the  word  attention  in  either  of  these  meanings  it  is  pos- 
sible to  turn  the  attention  to  different  parts  of  the  body  at  the  same 
time  and  to  speak  of  ideas  melting  together.  But  the  ideas  here 
are  quite  different  from  those  winch  we  found  in  the  first  division. 

In  one  case,  136,  this  attention  was  directed  to  all  parts  of  the 
bodv  at  the  same  time.  It  seemed  to  increase  the  nerve-force  and  to 
result  in  a  general  excitement  of  the  whole  system.  The  average 
time  of  this  series  was  J  tsr  M.Y.  IT'7,  that  of  the  series  just  before 
and  just  after,  under  the  same  conditions  was  129ff  M.V.  10*.  But 
a  single  experiment  is  hardly  sufficient  to  show  the  effect  of  this 
kind  of  attention.  No  experiments  were  taken  in  which  this  kind  of 
attention  was  directed  to  one  or  two  parts  of  the  body  during  a 
\\  hole  series. 

A  fourth  sense  in  which  the  word  attention  is  used  is  that  of  mus- 
cular attention.  Involuntary  changes  in  the  condition  of  the  muscles 
take  place  in  response  to  various  psychical  changes  ;  for  example, 
they  become  tense  in  a  fit  of  anger.  To  a  large  extent  a  similar 
change  may  be  produced  by  voluntary  effort.  Something  similar  to 
this  is  usually  meant  by  the  expression  "innervate  the  muscles."  We 
can  keep  the  muscles  of  the  hand  or  arm  relaxed  or  in  a  state  of 
tension  independent  of  the  three  kinds  of  attention  already  men- 
tioned. Record  100  is  an  example  of  this  ;  the  first  half  was  taken 
in  the  usual  way  and  had  a  time  of  146ff  M.Y.  330,  the  second  half 
was  taken  with  tense  muscles  and  had  a  time  of  120*  M. V.  16a.     In 


Investigations  in  reaction-time  and  attention, 

one  of  the  experiments  in  this  series  the  motor  impulse  for  reaction 
was  nol  strong  enough  to  overcome  the  pressure  on  the  key. 

A  fifth  way  in  which  attention  can  be  directed  is  best  expressed  as 
a  preparation  of  the  path  for  the  motor  impulse  from  the  brain. 
This  consists  of  a  moderate  innervation  of  the  whole  nerve  tract,  a 
small  muscular  tension  and  an  effort  to  uet  a  clear  idea  of  the  sound 
and  the  movement  to  be  made,  resulting  in  a  rapid  passing  of  the 
thoughl  from  one  to  the  other.  The  last  experiment  of  series  113 
was  made  in  this  way;  the  time  was  127ff,  thai  of  the  whole  half- 
series  156°  M.N*.  15'7. 

A  - i v T 1 1  state  of  the  attention,  one  which  requires  as  much  effort 
i>t'  a  certain  kind  as  any,  is  that  of  inattention.  All  ideational  atten- 
tion, all  neural  attention  and  muscular  attention  are  withdrawn 
Leaving  the  reaction  mechanism  as  far  as  possible  to  work  automat- 
ically. This  reduces  the  circulation,  the  nervous  and  muscular  ten- 
sion and  with  thai  the  whole  energy  of  the  system.  The  tension  of 
the  muscles  becomes  so  weak  that  they  sometimes  fail  to  move  the 
very  light  spring  in  the  reaction-key.  By  this  means  many  persons 
are  able  to  put  themselves  to  sleep  in  a  short  time.  Series  210 
was  taken  in  this  condition;  the  time  was,  in  the  dark  141ff  M.V.  13ff 
with  a  steady  lighl  in  the  field  of  vision  14017  M.V.  8ff. 

None  of  these  six  descriptions  accurately  state  the  condition  of  the 
attention  in  the  majority  of  our  experiments.  The  most  prominent 
feature  was  always  an  expectant  attention,  a  strain  in  the  muscles  of 
the  ear  ami  a  waiting  for  the  sound.  There  was  no  attempt  to  form 
an  idea  of  whal  the  sound  was  to  be,  but  simply  an  effort  to  hear  it 
a-  quickly  as  possible.  At  the  same  time  there  was  an  under-current 
of  neural  and  muscular  attention  directed  to  the  hand  and  arm.  If  it 
i-  proper  to  use  the  terms  primary  and  secondary  consciousness,  the 
primary  was  engaged  with  the  sound,  the  secondary  with  the  motor 
apparatus. 

Aside  from  these  seven  phases  of  attention  numerous  other  com- 
bination- of  the  three  elements  are  possible.  The  dividing  line  be- 
tween the  classes  i-  not  a  sharp  one.  All  three  or  any  one  can  be 
given  especial  prominence.  Certainly  the  expressions  muscular  reac- 
tion and  sensory  reaction  are  of  themselves  very  indefinite  and  give 
no  accurate  descriptions  of  the  distribution  of  psychic  energy. 

With  these  different  kind-  of  attention  in  mind  it  would  be  impos- 
sible to  agree  with  James  when  he  say-,  in  speaking  of  Winht's 
and    Exneb's   experiments,    "The   preparation   to  react  consists  of 

1  Principles  of  Psychology,  I  138. 
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nothing  but  the  anticipatory  imagination  of  what  the  impressions  or 
the  reactions  are  to  be  "  and  "  It  is  impossible  to  read  Wundt's  and 
Exner's  pages  and  not  to  interpret  the  '  Apperception  '  and  '  Spannung ' 
and  other  terms  as  equivalent  to  imagination."  A  little  practice  will 
enable  one  to  become  master  of  all  the  different  phases  of  attention 
here  mentioned  and  many  others  more  difficult  to  describe. 

The  remarks  thus  far  have  referred  to  voluntary  attention.  On 
the  other  hand  there  is  a  large  involuntary  element  always  present  in 
the  state  of  attention  at  any  given  time.  This  changes  with  practice 
and  with  the  mental  and  physical  condition.  One  naturally  falls 
into  a  habit  of  reaction.  The  attention  in  that  case  is  largely  invol- 
untary and  resists  all  efforts  of  attention  in  other  directions  but  co- 
operates with  additional  voluntary  attention  in  the  same  direction. 
When  a  person  is  sleepy  he  has  little  control  over  the  attention. 
The  same  is  true  when  he  is  wrought  up  to  a  high  state  of  nervous 
excitement. 

The  mass  of  bodily  feelings  varies  with  changing  physical  con- 
ditions ;  when  one  is  fresh  and  vigorous  they  are  large  and  massive 
and  the  motor  impulse  to  reaction  seems  to  meet  more  or  less  resist- 
ance in  passing  through  them.  After  prolonged  bodily  or  nervous 
strain  these  feelings  tend  to  grow  less  and  their  center  gradually 
rises.  The  extremities  drop  out  of  consciousness  and  the  reaction 
seems  to  take  place  with  less  resistance.  The  background  of  all 
these  various  forms  of  attention  is  the  constant  play  of  psychic  life. 
Waves  and  ripples  of  feeling  and  conation  are  incessantly  passing 
through  the  mind.  More  clear  cul  and  easily  recognized  are  the 
ideas  and  images  of  the  memory  or  imagination  which  follow  each 
other  at  their  own  fancy.  Now  they  pass  along  lightly  like  fleecy 
clouds  over  a  summer  sky.  At  the  sound  of  the  warning  they 
vanish  from  consciousness  and  all  the  energies  of  the  mind  are  bent 
to  catch  the  coming  stimulus  and  make  the  reaction.  At  another 
time  the  thoughts  roll  along  like  heavy  irresistible  storm-clouds. 
They  heed  not  the  faint  warning  or  even  the  signal  itself.  Through- 
out a  whole  series  the  mind  will  be  busily  engaged  inventing  new 
apparatus,  improving  the  old  or  struggling  with  some  great  problem 
of  life.  The  reaction,  so  far  as  consciousness  is  concerned,  goes  on 
automatically.  Xo  amount  of  effort  at  the  end  of  the  series  can  call 
into  consciousness  a  single  fact  connected  with  the  reaction,  nothing 
save  the  elements  of  this  dream-like  stream  of  consciousness.  But 
during  such  a  series  let  there  be  a  break  in  the  regularity  in  the 
recurrence  of  warning  or  signal  and  the  mind  is  instantly  alert  to 
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inquire  into  the  matter.  Though  apparently  absorbed  in  other 
matters,  yet  there  is  a  kind  of  unconscious  attention  being  directed 
t<>  the  reaction. 

Again,  when  the  mind  is  apparently  wholly  engaged  in  the  matter 
of  reacting,  an  idea  will  suddenly  come  into  the  mind  from  some 
mysterious  quarter  with  force  enough  to  carry  away  for  the  moment 
all  the  attention,  unconscious  as  well  as  conscious.  In  series  127 
there  was  such  an  instance.  An  idea  suddenly  Hashed  upon  the 
mind  just  a-  the  signal  was  heard  and  the  motor  impulse  being 
staited  :  the  whole  force  of  the  attention  was  diverted  and  the  only 
impulse  which  reached  the  hand  was  a  tremor  too  weak  to  raise  the 
finger. 

These  observations  and  others  suggested  by  the  summary  of  the 
notes  taken  during  the  course  of  the  experiments  show  that  there  is 
still  much  which  can  be  learned  about  the  mind  and  its  processes 
from  the  study  of  reaction-time.  They  suggest  a  large  number  of 
experiments  which  might  be  carried  out  along  the  different  lines  of 
attention.  Most  of  all  they  emphasize  the  great  value  of  introspec- 
tion. For  the  rougher  work  in  reaction-time  this  may  not  be  neces- 
sary. We  can  easily  detect  differences  in  reaction-time  due  to  the 
presence  of  very  distracting  influences,  to  the  effect  of  practice,  to 
changes  in  intensity  of  the  stimulus,  to  a  change  in  the  quality  of 
the  stimulus,  and  to  many  similar  changes.  But  as  soon  as  we 
inquire  into  the  nature  of  reaction,  and  try  to  make  quantitative 
estimates  of  these  changes  and  to  learn  more  about  the  nature  of 
the  mind's  activities,  then  introspection  is  necessary. 

Some  will  criticise  these  reaction-experiments  because  they  were 
all  made  upon  one  person,  and  therefore  can  give  no  idea  of  what 
would  be  the  result  in  another  case.  They  say  that  results  to  be  of 
value  must  be  made  upon  a  great  many  persons  and  the  average 
computed  as  has  been  done  in  the  case  of  physical  measurements. 

In  reply  it  may  be  said  of  physical  measurements  that  while  Statis- 
tical results  from  one  point  of  view  are  of  great  value  yet  all  the 
important  discoveries  in  physiology  have  been  made  upon  individuals. 
Statistie-  would  never  have  discovered  the  circulation  of  the  blood 
or  the  constituenl  parts  of  the  brain.  The  human  body  is  for  the 
most  part  the  same  the  world  over  and  a  discovery  in  anatomy  in 
one  body  holds  good  in  all  others.  The  same  thing  is  true  in  psy- 
chology. Nearly  all  the  results  thus  far  obtained  have  been  gained 
from  the  study  of  individuals.  The  human  mind  like  the  human 
body  is  for  the  most    part   the  same  in  its  workings  everywhere  and 
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a  discovery  in  one  mind  will  hold  good  for  other  minds.  Though 
important  results  will  be  reached  along  statistical  lines  yet  the 
greatest  advance  in  the  future  as  in  the  past  will  in  all  probability 
be  made  by  discoveries  in  investigating  individuals. 

Experiments  showing  the  effect  of  changes  in  the  state  of 
attention  upon  the  maximum   rate  of  voluntary 

movement. 

In  a  series  of  experiments  carried  on  at  Clark  University,  Dress- 
lar  found  that  the  time  required  to  make  300  taps  varies  with 
different  individuals  and  with  a  change  in  the  mental  and  physical 
condition  of  the  same  individual.  Increased  central  activity  favored 
an  increase  in  the  rate  of  voluntary  movement.1  Bryan  continuing 
the  investigations  upon  a  large  number  of  school  children  found  that 
the  rate  of  tapping  for  the  different  joints  of  the  hand  and  arm 
varied  with  children  of  different  ages  in  accordance  with  their 
physical  and  mental  development."  .Many  interesting  points  were 
brought  out  as  to  the  effect  of  fatigue  and  the  relative  development  of 
the  different  joints.  But  with  the  apparatus  which  they  used  it  was 
impossible  to  show  the  relation  between  the  individual  taps  of  the 
series.  The  most  that  could  be  done  in  that  line  was  to  detect  a 
slight  decrease  in  rapidity  due  to  fatigue  when  more  than  300  taps 
were  taken  at  a  time.  Otherwise  it  was  taken  for  granted  that  the 
rate  was  uniform  throughout  the  series. 

The  following  experiments  were  taken  with  the  purpose  of  inves- 
tigating this  question  of  the  uniformity  of  rate.  Our  reaction-time 
apparatus  offered  the  best  possible  means  for  measuring  the  interval 
between  each  successive  tap.  The  taps  were  made  upon  the  l-eaction- 
key  in  the  dark  room,  and  recorded  by  the  electric  sparks  on  the 
smoked  paper  of  the  drum.  About  300  taps  could  be  recorded  on 
one  paper  by  turning  the  drum  slowly.  An  electro-magnetic  time- 
marker  was  placed  beside  the  tuning-fork  and  connected  with  a  pen- 
dulum which  beat  seconds.  This  enabled  one  to  tell  at  a  glance  the 
number  of  taps  in  a  second  in  any  part  of  the  curve  while,  without 
it,  it  was  necessary,  in  order  to  find  the  number  of  taps  in  a  second, 
to  add  up  the  successive  intervals,  given  in  thousandths  of  a  second, 
until  they  amounted  to  a  second,  and  so  on  throughout  the  series. 

1  Some  influences  ivhich  affect  the  rapidity  of  voluntary  movements,  Am.  Jour. 
Psych.,  1891  IV  514. 

2  On  the  development  of  voluntary  motor  ability,  Am.  Jour.  Psych.,  1893  V  1. 
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A^  .1  matter  <>i"  fad  this  longer  process  was  gone  through  in  the  pre- 
paration of  tlir  curves  described  below  because  there  was  a  slighl 
irregularity  in  the  successive  spaces  marked  <>il'  by  the  pendulum, 
due  to  the  fad  thai  the  mercury  contact  was  nol  made  exactly  in 
the  middle  <>t'  the  arc  of  oscillation. 

A  click  on  the  bell  was  the  signal  to  begin  tapping  and  the  instruc- 
tions were  t<>  tap  as  rapidly  as  possible  until  a  second  click  announced 
that  the  record  was  complete. 


TABLE  VIII. 


No. 

1 

A 

MY 

M  V 

No. 

A 

139 

M  V 

11 

MV 

139 

L5 

12 

11 

9 

2 

134 

9 

9 

12 

144 

11 

3 

3 

135 

7 

7 

13 

14? 

14 

3 

4 

130 

r 

4 

6 

14 

147 

14 

7 

5 

130 

4 

15 

138 

7 

6 

6 

133 
130 

6 

7 

16 

143 

9 
15 

5 

r 

8 

9 

7 

17 

114 

6 

133 

4 

4 

18 

148 

19 

5 

9 

138 

6 

3 

19 

143 

16 

5 

10 

138 

6 

4 

20 

139 

10 

6 

No.,  number  of  group. 
A .  average  time. 

Table  VIII  gives  a  -ummary  of  the  figures  for  one  experiment. 
There  were  ]-n  t a i »-.  or  rather  intervals  between  successive  taps, 
recorded  in  this  experiment.  They  were  collected  into  groups  of 
nine  for  the  purpose  of  showing  the  gradual  changes  in  the  rate 
during  the  series;  instead  of  finding  that  the  intervals  are  all  the 
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same,  we  found  a  continual  variation.  During  the  180  taps  there 
were  only  four  cases  where  successive  intervals  were  recorded  as  the 
same.  The  intervals  were  collected  into  groups  of  nine  for  the  pur- 
pose of  showing  the  gradual  changes  in  the  rate  during  the  series; 
only  the  averages  of  these  successive  groups  are  given  in  the  table. 
The  deviation  of  the  individual  intervals  was  computed  in  two  ways. 
The  first  deviation-column  represents  the  average  deviation  of  each 


TABLE  IX. 


Name             Date 

A                  MV                  T                    S 

W.  I.  C.       Feb.  25. 

133               9.3 

7.5 

39.9 

Feb.  28.            147               9.5 

6.8 

44.1 

<<                  it 

145               9. 

6.9 

43.5 

a                  tt 

147             10. 

69 

44.1 

it 

tt 

138 

9. 
9.3 

7.2 

49.4 

Average 

142 

7.1 

44.2 

C.  B.  B. 

Mar.  24. 

175             11. 

5.7 

52.5 

Dresslar 

117 

8.5 

35.3 

„            Av.  of  20 

visitors 

167 

6.0 

50.4 

A,  average  time. 

T,  number  of  taps  per  second. 

S,  number  of  seconds  for  300  taps. 

inteiwal  of  the  group  from  the  total  average  of  the  180  intervals. 
The  second  column  represents  its  deviation  from  the  average  of  its 
own  group  of  nine.  The  difference  between  the  two  is  due  to  the 
gradual  change  in  rate.  Looking  at  the  first  column  one  would  say 
that  the  irregularity  of  tapping  increased  very  fast  toward  the  end 
of  the  series  but  a  glance  at  the  second  column  shows  that  this  was 
not  the  case.  On  the  contrary  there  is  a  steady  increase  in  the 
regularity  of  the  intervals  in  the  different  groups  but,  owing  to  the 
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rapid  increase  in  the  intervals  themselves,  the  deviation  of  the  later 
groups  from  the  total   average  is  greater  than   that  of  the  earlier 

oil.  8. 

Six  of  these  experiments  or  sets  of  taps,  were  taken  and  they  all 
show  the  Bame  general  results.  The  average  for  the  successive 
groups  "t'  nine  taps  for  the  six  experiments  were  I40ff,  137ff,  136ff, 
.  I:'.'".  Ill",  lin",  14  7",  148ff,  L50ff,  145ff,  150ff,  150a,  154ff,  154ff, 
L54ff,  ]'<■■'.  L52ff  and  I50ff.  These  averages  show  an  increase  in  the 
rapidity  of  tapping  for  the  first  four  groups  of  nine.  After  that 
there  is  a  gradual  falling  off  for  five  groups  then  a  slight  recovery 
during  two  groups  followed  by  a  still  greater  slowing  up  for  four 
groups  and  then  another  slight  recovery.  The  average  of  the  first 
sel  of  groups  is  140CT,  that  of  the  nineteenth,  which  is  the  last  to 
contain  records  from  all  the  six  experiments,  is  150ff. 

Fig.  14. 

Table  IX  contains  the  final  averages  of  the  six  experiments. 
Besides  the  average  interval  between  successive  taps,  and  the  average 
.h\  iation  from  it,  the  number  of  taps  per  second  has  been  computed, 
and  also  the  time  required  to  make  300  taps.  This  was  done  for  the 
purpose  of  comparing  the  results  with  those  obtained  by  Dresslar 
and  Bryan.  The  time  required  for  300  taps  is  naturally  somewhat 
less  than  it  would  have  been  if  that  number  of  taps  had  actually 
been  made;  for  the  experiments  show  that  the  last  taps  of  a  series 
an-  much  slower  than  the  first  owing  to  fatigue. 

However,  we  are  not  so  much  concerned  with  the  number  of  taps 
in  a  series  as  with  the  regularity  of  the  intervals  between  the  suc- 
cessivetaps.  Thiscan  lie  studied  much  more  satisfactorily  by  means 
of  graphic  representation  than  by  tables.  Accordingly  the  records 
of  two  series  have  been  plotted.  The  resulting  curves  are  given 
in  fig.  14. 

The  curves  represent  the  intervals  between  the  successive  taps  of 
each  series.  The  abscissas  show  the  place  of  each  tap  in  the  series 
while  the  ordinates  represent  the  length  of  the  interval  between  two 
adjacent  taps,  each  vertical  division  on  the  paper  representing  10ff 
and  the  horizontal  line  being  taken  to  represent  ISO*7.  Thus  the 
high  parts  of  the  curve  correspond  to  slow  and  the  low  parts  to 
rapid  rates  of  tapping.     The  short  vertical  lines  mark  off  the  seconds. 
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A  glance  at  these  curves  shows  how  the  interval  between  the  taps 
is  constantly  varying.  Only  in  a  very  few  instances  does  it  remain 
the  same  for  two  successive  intervals.  For  two,  three  or  even  four 
successive  taps  there  will  be  a  gradual  increase  in  the  rate  until 
the  mind  is  satisfied  with  its  work  or  until  it  is  unable  to  keep  up 
this  high  strain  of  attention,  when  the  rate  again  falls  off.  This 
effect  can  be  seen  in  the  second  and  third  seconds  of  the  first  curve. 
Again  as  in  the  fourth  and  fifth  seconds  of  this  same  series  the 
process  of  change  is  more  rapid.  The  rate  alternately  rises  and 
falls  with  each  successive  tap.  In  the  sixth  second  the  rate  falls  off 
for  three  intervals,  gains  in  the  next  what  was  lost  in  the  last  two, 
and  again  loses  the  same  in  the  two  following.  Most  of  these 
changes  pass  unnoticed  by  the  person  while  he  is  tapping.  He 
is,  however,  at  times  conscious  of  a  falling  off  in  the  concentration 
of  attention  and  tries  to  correct  it  by  a  special  effort. 

The  second  curve,  corresponding  to  the  record  of  C.  B.  B.  in  table 
IX,  is  almost  entirely  above  the  ISO*7  line,  showing  a  slower  rate  of 
tapping  than  the  other  experiments.  The  explanation  of  this  is  the 
fact  that  the  experimenter  had  learned  of  the  great  irregularity  of 
the  intervals  and  in  this  case  aimed  to  tap  as  regularly  as  possible 
rather  than  as  fast  as  possible.  The  result  shows  a  slower  rate  but 
also  the  same  irregularity,  the  same  increase  and  falling  off  in  the 
rate,  now  rapid,  now  gradual. 

In  all  of  these  records  aside  from  the  usual  variation  in  rate  there 
are  a  few  unusually  long  or  short  intervals.  In  the  nature  of  the 
case  there  are  more  long  ones  than  short  ones.  In  one  case  there 
seems  to  have  been  a  momentary  break  in  the  series,  due  very  likely 
to  a  condition  sometimes  experienced  by  other  persons  in  similar 
experiments.  All  of  a  sudden  in  the  midst  of  a  series  of  taps  the 
arm  seems  to  be  momentarily  paralyzed. 

Over  and  above  this  variation  in  the  rate  from  one  tap  to  another 
there  are  larger  gradual  changes  from  second  to  second.  Durino- 
the  first  second  there  is  always  a  general  increase  in  the  rate.  After 
the  middle  of  each  curve  there  is  a  gradual  slowing  up.  Dbesslar 
detected  signs  of  fatigue  after  300  taps.  My  experiments  show  a 
decrease  in  the  rate  soon  after  100  taps. 

But  aside  from  these  two  changes  in  the  rate,  an  alternate  increase 
and  decrease  of  the  successive  intervals  and  a  gradual  slowing  up  to- 
ward the  end,  there  is  a  third  change  brought  out  by  these  curves, 
which  is  of  great  interest.  If  we  turn  the  curves  around  and  look  at 
them  from  the  end  so  that  the  line  of  vision  makes  a  small  angle  with 
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the  plane  of  the  paper  we  notice  a  gradual  rise  and  fall  of  the  curve 
every  two  or  three  seconds.  This  is  doubtless  due  to  the  gradual 
rise  and  tall  of  the  attention  and  corresponds  to  the  alternate  appear- 
ance and  disappearance  in  consciousness  of  a  sound  just  loud  enough 
to  l>e  heard,  a<  for  example  the  ticking  of  a  watch  held  at  just  the 
right  distance,  and  with  the  alternate  appearance  and  disappearance 
of  faint  rings  <»n  a  rapidly  rotating  disk.'  The  chief  point  of  differ- 
ence is  that  in  those  cases  the  phenomenon  is  a  matter  of  con- 
sciousness  whereas  in  this  case  the  person  is  entirely  unconscious 
of  the  rise  and  fall  in  the  rate.  This  fact  shows  that  the  rise  and 
fall  are  not  confined  to  ideational  attention  but  are  also  character- 
istic of  the  subconscious  muscular  attention.  These  results  agree 
with  those  recently  obtained  in  the  field  of  sight  and  hearing2  in  not 
showing  any  regular  period  of  rise  and  fall.  In  general  it  occurs 
every  three  or  four  seconds. 

In  the  second,  third,  fourth  and  fifth  experiments  an  effort  was 
made  to  distract  the  attention  of  the  person  tapping.  The  warning 
and  signal  used  in  reaction-experiments  were  sounded  several  times 
and  the  tuning-fork  sound  described  in  one  of  the  experiments  in 
reaction-time  was  turned  on  while  the  ear  was  at  the  telephone. 
In  some  cases  there  may  have  been  slight  changes  in  the  rate  of 
tapping  owing  to  their  influence,  but  that  was  by  no  means  clear. 
In  fact  such  weak  sounds  would  hardly  be  expected  to  produce 
much  disturbance  in  such  heavy  work. 

In  the  sixth  series  the  distractions  were  greater  and  show  them- 
selves plainly  in  the  second  curve.  They  were  produced  by  an  assis- 
tant in  the  reaction-room.  A  second  electro-magnetic  marker  was 
placed  on  the  drum  and  connected  with  another  key  in  the  reaction- 
room  ;  hy  l. nans  of  this  key  the  assistant  could  register  by  the  side 
of  the  time  curve  the  beginning  and  the  end  of  each  disturbance. 

The  nature  and  place  of  the  disturbances  are  noted  just  above  the 
curve;  their  duration  is  indicated  by  the  length  of  the  short  lines 
above  the  curves.  In  every  case  it  will  be  seen  that  the  disturbance 
produced  marked  changes  in  the  rate.  The  blowing  of  a  loud 
whistle  was  followed  by  a  great  irregularity.  The  mental  addition 
of  I'lr  and  ■!■',  at  first  made  the  rate  very  regular,  more  so  than  at 
any  other   point    in    all    the   series.      Thi>    was    during   the   period 

1  Lanoe,  Beitr&ge  zur  Theorie  der  sinnlichen  Aufmerksamkeit  und  der  qctiven 
Apperception,  Phil.  Stud.  1888  IV  390. 

*  Masse,  Die  SchwanJcungen  der  Gesichtsempfindungen,  Phil.  Stud.  1892  VIII 
014. 
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between  hearing  the  problem  and  beginning  to  solve  it.  At  first 
the  person  was  reluctant  to  undertake  the  problem.  He  felt  that  all 
his  energies  should  be  directed  to  the  tapping  but  finally  realizing 
that  the  problem  must  be  solved  he  went  at  it.  The  first  attempt 
at  solution  produced  marked  irregularly  and  real  work  was  accom- 
panied by  a  steady  falling  off  in  the  rate.  As  soon  as  the  answer 
was  reached  the  attention  returned  to  the  tapping  and  the  rate 
rapidly  recovered. 

A  clicking  Avith  the  tongue,  such  as  is  used  to  make  a  horse  go 
faster,  owing  to  this  association  seemed  accompanied  by  irresistible 
impulse  on  the  part  of  the  person  tapping  to  accelerate  his  move- 
ments. There  was  a  slight  falling  off  in  the  rate  at  the  first  sur- 
prise and  then  a  gradual  increase  for  four  taps.  But  to  the  great 
surprise  of  the  person  who  did  the  tapping,  the  rate  did  not  exceed 
that  which  had  been  maintained  >ince  the  last  disturbance.  The 
mental  multiplication  of  14  by  5  produced  great  irregularity  as  well 
as  a  general  decrease  of  the  rate.  The  sight  of  a  lighted  match, 
however,  produced  great  regularity  and  a  steady  increase  in  the 
rate. 

This  sudden  increase  in  the  regularity  of  tapping  without  a 
marked  change  in  the  rate,  when  the  attention  is  attracted  by  some 
other  object,  is  similar  to  the  fact  noticed  in  some  of  the  experiments 
in  reaction-time,  namely,  that  mure  regular  results  were  sometimes 
obtained  when  the  mind  was  partially  absorbed  in  other  things. 
The  more  superficial,  ideational  attention  is  directed  to  them  while 
the  unconscious  muscular  attention  which  is  largely  a  matter  of 
habit  runs  along  more  smoothly  and  automatically.  As  the  mind  is 
absorbed  in  the  secondary  problem,  the  more  substantial  subcon- 
scious attention  gradually  withdraws  from  the  muscular  effort  and 
reinforces  the  mental  effort. 

On  the  other  hand,  as  was  also  shown  in  the  reaction  experiments, 
some  sudden  surprise,  in  this  case  a  clicking  sound  or  a  lighted 
match,  at  once  draws  away  the  deeper  as  well  as  the  more  superficial 
attention.  But  as  soon  as  the  surprise  is  over  there  is  no  strong 
intellectual  effort  required  to  watch  the  light  and  the  subconscious 
attention  returns  unhindered  to  its  habitual  task,  while  the  more 
fickle  ideational  attention  remains  captivated  by  the  new  sensation. 

There  can  be  no  question  that  these  last  changes  in  the  rate  of 
tapping  are  due  to  disturbances  of  the  attention.  There  can  also  be 
no  question  that  the  second  change  mentioned,  namely  the  gradual 
slowing  up  after   the   first   ten   seconds,    is   due   to   fatigue.     This 
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fatigue  may  be  psychical,  muscular  <>r  neural.  Judging  from  the 
results  obtained  by  Lombard  in  his  investigation  of  the  amount  of 
work  which  can  be  'lour  by  a  person  under  different  conditions,'  it 
i-  probable  that  the  fatigue  is  in  the  nerve  centres. 

In  the  case  of  the  change  first  described,  namely  the  variation 
from  tap  to  tap,  the  cause  is  not  so  evident.  The  fact  that  a  partial 
withdrawal  of  the  attention  stops  it  and  makes  the  intervals  regular 
indicates  a  psychical  cause.  Under  the  additional  strain  of  con- 
scious  voluntary  attention  the  nerve  mechanism  acts  more  irregru- 
larly.  Irregularity  seems  to  be  a  characteristic  of  the  higher  forms 
of  psychic  life.  The  usual  explanation  is  that  there  are  two  sets  of 
nerve  centres  involved,  the  higher  more  unstable  brain-centres  and 
the  lower  more  automatic  ones  of  the  smaller  brain  and  spinal  cord. 
A  disturbance  of  the  attention  is  supposed  to  cut  off  the  higher 
centres  from  the  circuit  engaged  in  the  muscular  action.  Yet  both 
in  the  tapping  and  the  reacting  it  was  seen  that  further  central 
activity  was  accompanied  by  further  decline  in  the  muscular  rate. 
Therefore  it  seems  proper  to  speak  of  a  subconscious  attention  in 
this  connection. 

The  explanation  of  the  third  change  in  the  rate,  namely  the 
gradual  rise  and  fall,  is  still  more  uncertain.  Many  persons  will 
object  to  the  use  of  the  word  attention  in  this  connection.  They 
would  claim  that  it  is  a  purely  muscular  phenomenon  and  regard  it 
a-  supporting  Munsterbebg's  explanation  of  the  appearance  and  dis- 
appearance of  faint  visual  images.  The  disappearance,  he  thinks,  is 
due  to  fatigue  of  the  muscles  of  the  eye.  As  soon  as  the  image  dis- 
appears they  relax  ami  begin  to  recover  ;  when  they  have  regained 
their  strength  the  object  comes  into  consciousness  again." 

It  seems  certain  that  this  rise  and  fall  in  the  rate  must  be  closely 
connected  with  the  appearance  and  disappearance  in  consciousness 
of  faint  -envaiit.il-  hut  it  -eems  equally  certain  that  they  are  not  due 
to  muscular  fatigue.  In  the  first  place,  it  must  be  remembered  that 
thi-  rapid  tapping  is  not  a  mere  muscular  operation;  we  have  seen 
that  the  rate  changes  with  changing  psychic  states.  In  the  second 
place,  there  i-  no  chance  for  the  muscles  to  recover  while  the 
tapping  continues.  In  the  case  of  the  eye  there  is  a  possibility  that 
the  muscles  relax  when  the  image  disappears.  Not  so  here.  In  the 
third  place,  the  real  fatigue  shows  itself  in  the  general  slowing  up 
of  the  rate 


1  Some  of  the  influences  which  affect   tin-  power  of  voliiitf'tru  muscular  contrac- 

.  Jour.  Physiol.  1892  XIII  Pts.  1  and  2. 
*  MCnsterberg.  Beitrdge  zur  experimentelh  „  J'si/cfiolo/jir  1889  II  69. 
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Conclusions  from  the  introspective  observations. 

1.  Reaction-time  is  constantly  affected  by  irregular  disturbances  a 
large  part  of  which  may  be  detected  by  introspection. 

2.  Introspection  is  not  to  be  trusted  in  estimating  results. 

3.  Exercise  shortens  reaction-time. 

4.  Reactions  to  the  wrong  signal,  reactions  before  the  signal  is 
heard  and  the  reflex  nature  of  reactions  are  not  sufficient  criteria  to 
distinguish  muscular  from  sensorial  reactions. 

5.  There  are  at  least  six  distinct  kinds  of  voluntary  attention; 
ideational  attention,  neural  attention,  feeling  attention,  muscular 
attention,  preparatory  attention  and  inattention. 

6.  The  involuntary  attention  is  constantly  changing. 

Experiments   showing   the  influence  of  disturbances  of  the 
attention  upon  the  voluntary  control  of  muscles. 

There  have  been  various  devices  invented  to  show  the  effect  upon 
the  body  of  various  psychical  disturbances.  Some  of  the  effects 
which  have  been  pointed  out  are  a  rise  in  the  temperature  of  the 
brain,  a  change  in  the  circulation,  a  contraction  of  involuntary  mus- 
cles, increased  activity  in  the  various  glands,  and  a  change  in  the 
force  with  which  the  muscles  can  be  contracted.  Lombard  found 
that  the  knee-jerk  showed  marked  changes  in  the  case  of  mental 
disturbances.  We  have  seen  that  the  reaction-time  and  rate  of 
tapping  are  influenced  in  a  similar  way.  Jastrow1  describes  a  piece 
of  apparatus  which  he  calls  the  automatograph,  constructed  for  the 
purpose  of  registering  involuntary  movements  of  the  hand.  The 
hand  is  placed  on  a  freely  moving  table  to  which  there  is  attached 
a  marker  that  records  every  movement  upon  a  smoked  paper.  It 
was  found  that  when  the  apparatus  is  screened  from  the  eyes  of  the 
person  experimented  upon  that  the  hand  involuntarily  follows  in  the 
direction  toward  which  the  attention  is  turned. 

During  the  course  of  my  experiments  Dr.  Scripture  suggested 
that  the  accuracy  with  which  a  person  could  steadily  point  to  a 
given  spot  would  be  a  measure  of  the  amount  of  attention  he  could 
direct  toward  the  work.  In  accordance  with  that  suggestion  the 
apparatus  shown  in  fig.  15  was  arranged  to  measure  this  accuracy.  It 
differed  fundamentally  from  Jastrow's  automatograph.     In  his  case 

1  Jastrow,  Studies  from  the  University  of  Wisconsin,  Am.  Jour.  Psych.  1891 
IV  398;  1892  V  223. 
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the  pointer  was  concealed  from  the  person  performing  the  experi- 
ment; here  the  pointer  was  in  full  view  and  every  effort  was  made  to 
keep  it  steadily  opposite  a  given  mark. 

A  receiving  tambour  was  fixed  to  a  standard  in  a  horizontal  posi- 
tion, face  upward,  so  that  tin- lever  moved  in  a  vertical  plane.  A 
light  pointer  eighl  inches  long  was  attached  to  the  lever.  Back  of 
the  tip  of  this  pointer  a  piece  of  card-board  was  fixed  in  a  vertical 
position  parallel  to  the  plane  of  the  lever.  A  dot  was  made  on  this 
card-board  just  below  the  end  of  the  pointer.  The  recording 
tambour  was  adjusted  to  register  the  movements  of  this  lever  upon 
the  smoked  paper  on  the  drum.  An  electro-magnetic  time-marker 
was  placed  by  the  -ide  of  the  recording  tambour  and  connected  with 
a  pendulum  which  beat  seconds. 


Fig.  15. 

This  apparatus  having  been  arranged  in  a  convenient  position,  a 
person  placed  his  finger  on  the  lever  of  the  receiving  tambour  and, 
with  the  whole  arm  free,  kept  the  end  of  the  pointer  as  steadily  as 
po^ihlc  opposite  the  dot  on  the  paper.  It  was  found  impossible  to 
keep  the  point  exactly  opposite'  the  dot;  there  was  a  constant  vibra- 
tion above  and  below.  Within  certain  limits  the  movements  of  the 
point  increased  or  decreased  inversely  with  the  amount  of  attention 
given  to  the  work. 

Figs.  16-19  contain  sections  cut  from  the  record  of  one  of  these 
experiments.  The  upper  curve  was  drawn  by  the  lever  of  the  regis- 
tering tambour  and  -hows  the  vertical  movement  of  the  finger.  The 
heavy  broken  line  was  made  by  the  time-marker  and  each  section 
represents  one  second.  The  fact  that  some  are  longer  than  others 
show-  that  the  drum  was  not  turned  with  uniform  speed;  this  fact 
m.U8l  1m-  kept  iii  mind  while  examining  the  records. 

The  irregular  shape  of  the  curve  shows  the  constant  movement 
of  the  finger.  In  the  centre  of  each  of  these  sections  there  i-  a  still 
greater  irregularity.  These  disturbances  all  correspond  to  disturb- 
ances of  the  attention  at  the  time  the  record  was  made. 
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A  mark  shows  the  point  where  the  disturbance  began,  the  white 
mark  toward  the  right  marks  the  point  where  the  disturbance 
ceased. 


Fig.  16. 


FiK.  17. 


Fig.  16  shows  the  effect  of  an  accidental  distraction.  There  is 
great  irregularity  just  at  the  time  when  another  person  happened  to 
leave  the  room.  The  first  half  of  fig.  17  indicates  the  effect  of  a 
sound  which  originated  in  another  room.  The  distraction  seemed 
to  steady  the  hand  ;  great  irregularity  occurs  about  the  time  of 
return  of  attention.  Fig.  18  shows  the  effect  of  the  mental  subtrac- 
tion of  88  from  89.  In  this  case  the  problem  was  so  simple  that 
the  answer  was  given  immediately,  yet  the  disturbance  is  very 
marked.  In  fig.  19  the  attention  was  drawn  away  from  the  work 
in  hand  by  a  person  walking  around  the  room. 

These  are  only  a  few  of  the  instances  in  this  one  experiment 
which  show  the  inability  of  the  mind  to  resist  the  smallest  influences 
even  when  the  will  is  set  resolutelv  against  them.  It  seems  that  in 
cases  where  the  attention  is  distracted  in  a  way  such  as  to  cause  a 
tendency  to  move  the  eyes  or  when  mental  work  is  being  done,  the 
control  of  the  muscles  is  uncertain.  When  the  disturbance  is  a 
slight  one,  such  as  noticing  a  noise  in  another  room,  the  distraction 
seems  to  aid  the  regularity.  This  latter  case  seems  to  be  analogous 
to  t  he  well-known  fact  that  we  can  perforin  numerous  actions  much 
better  when  only  half  attending  to  them. 
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BY 


C.  E.  Seashore. 

Though  the  limits  of  accommodation  and  related  problems  have 
received  due  attention  from  Helmholtz  and  others,  the  time  of 
changing  the  focus  of  the  eye  has  hitherto  been  scarce  investigated. 
YiwKM.wN1  seems  to  have  been  the  first  to  experiment  upon  the 
subject.  By  applying  Scheiner's  experiment  he  found  that  he  could 
change  the  accommodation  of  his  practiced  left  eye  20  times  from 
11  in.  t<>  t>  in.  and  back  in  half  a  minute.  Vierorot"  devoted  a 
special  treatise  to  the  subject  in  1857  and  Aeby3  later  examined  the 
duration  of  the  act  of  accommodation  within  the  limits  of  315n,m. 
The  latest  and  only  important  investigation  on  the  subject  that  has 
come  to  the  writer's  notice  is  a  series  of  experiments  by  Barrett.4 
It  will  be  referred  to  and  compared  with  the  present  study  from 
which  it  differs  both  as  to  method  and  results.  The  success  of  these 
experiments  in  Yale  Psychological  Laboratory  is  due  to  the  efficient 
advice  of  Dr.  E.  W.  Scripture,  under  whose  supervision  they  have 
been  conducted. 

The  problem  I  have  undertaken  is,  to  determine  the  time  required 
to  change  the  accommodation  of  the  eye  in  either  direction  between 
two  given  points.  As  the  object  was  the  establishment  of  funda- 
mental laws  and  not  the  collection  of  statistical  material,  this  research 
is  limited  to  observations  on  the  right  eye  of  persons  with  a  normal 
eyesight  accommodating  for  points  in  the  direct  line  of  vision  under 
the  most  favorable  circumstances.  Tlie  psychological  method  of 
differential  reaction-time  has  been  used  because  it  is  apparently 
impossible  to  determine  the  accommodation-time  by  any  direct  phys- 
iological methods. 


1  St-hr,,.  Warner's  Handworterbuch  d.  Physiol.  1850  III  1.  Abth.  309. 

■  Versuche   vtber  die    Zeitverh&ltnisse  des  Accommoihitionsroiyanges  im    Auye, 
Arch.  £.  physiol.  Heilknnde,  n.  F.,  1857  1  IT. 

Die  AecommodationsgesehtviTidigkeit  d.   menschlichen  Auges,  Zt.  f.  rat.  Med., 
Ill    Reihe,  1861  XI  300. 

4  The  velocity  of  accommodation,  Joum.  of  Physiol.  1885  VI  46. 
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Apparatus. 


The  variables  are  :  (1)  the  distance  of  the  nearer  point,  (2)  the 
distance  of  the  further  point,  (3)  the  direction  of  accommodation, 
i.  e.  whether  the  focus  is  to  be  changed  from  near  to  far  or  vice 


versa. 


The  solution  of  the  problem  required  (1)  an  apparatus  that  holds 
the  nearer  point  in  view  and  suddenly  exposes  a  point  further  off, 
(2)  one  that  holds  the  further  point  in  view  and  suddenly  exposes 
the  nearer  point,  (3)  an  arrangement  to  mark  the  instant  the  second 
point  comes  in  view,  (4)  a  reaction-key,  (5)  an  apparatus  for  record- 
ing the  time. 

In  the  first  experiments  I  used  a  revolving  disc  having  holes  near 
the  edge  through  which  the  further  point  could  be  seen.  The 
nearer  point  was  indicated  by  objects  on  the  disc  at  points  alternat- 
ing with  the  holes.  The  disc  was  arranged  with  weights,  pulleys, 
springs  and  levers  so  that  in  its  revolving  it  could  be  stopped  to 
expose  the  nearer  and  the  further  point  alternately.  The  person 
experimented  upon  was  required  to  look  through  a  tube  extending 
from  the  eye  neai'ly  to  the  disc.  One  electric  wire  was  connected 
with  an  isolated  copper  brush  which  made  contact  with  the  disc  at 
the  moment  the  second  point  could  be  seen.  The  brush  was  at  all 
other  points  isolated  from  the  metal  plate  by  a  cardboard  covering. 
The  other  wire  was  connected  with  the  disc  and  went  through  a 
closed-circuit  reaction -key.  Both  wires  were  then  run  to  the  chrono- 
graph-room where  they  completed  the  circuit  through  an  electro- 
magnetic time-marker.  Two  markers  were  used  on  the  drum.  One 
registered  the  vibrations  of  the  tuning-fork  ;  the  other,  running 
parallel  to  it,  indicated  the  make  and  break  of  the  current  from  the 
experiment  room.  To  compare  the  two  lines  of  the  record  perpen- 
diculars were  dropped  from  one  line  to  the  other  at  the  points  of 
make  and  break  of  the  current. 

After  the  first  and  second  sets  of  experiments  I  used  another 
apparatus  which  served  the  purpose  better.  With  that  I  also  used 
a  simpler  and  more  accurate  method  of  recording.  This  latter 
apparatus  consisted  of  a  Laverne  pneumatic  camera-shutter  to  which 
electrical  connections  were  added.  There  were  two  arrangements 
of  the  slide  and  the  electric  connections  :  (1)  to  drop  the  slide  and 
expose  the  nearer  point,  (2)  to  raise  the  slide  and  expose  further 
point.  In  the  first  arrangement  one  end  of  the  electric  wire  was 
connected  wTith  the  metallic  body  of  the  shutter.  The  other  end 
was  fastened  to  a  binding-post  which  was  connected  (1)  with  a  wire 
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spring  which  made  contact  with  a  projecting  spring-arm  on  the  slide 
at  the  moment  the  further,  point  was  cut  off  from  view  and  the 
Dearer  poinl  exposed,  and  (2)  with  a  metal  plate  on  which  the  pro- 
jecting arm  rested  and  made  permanent  contact  when  the  slide  came 
down.  Both  the  contact-point  and  the  metal  plate  wen-  isolated 
from  the  metallic  body  of  the  shutter.  In  the  second  arrangement 
the  slide  was  made  to  fly  up  and  stop  against  a  special  catch.  When 
the  slide  flew  up  its  projecting  arm  struck  the  special  contact  spring 
at  the  moment  the  nearer  point  was  removed  from  view  and  the 
further  point  was  exposed.  The  special  catch  against  which  the 
slide  finally  rested  at  the  top,  and  with  which  it  made  permanent 
contact  was  connected  with  the  same  binding  post  as  the  metal  plate 
in  the  other  arrangement.  The  current  went  through  a  closed- 
circuit  reaction-key  by  means  of  which  it  could  be  interrupted. 
The  current  was  made  for  an  instant  when  the  slide  arm  struck 
the  special  contact  spring,  permanently  made  by  the  slide  arm  rest- 
ing on  the  metal  plate  or  the  special  catch,  and  again  interrupted  by 
the  reaction-key.  The  time  required  was  that  indicated  between 
rlie  first  closing  of  the  current  and  the  breaking  by  the  reaction-key. 
Heavy  wires  led  from  the  shutter  and  the  key  to  the  chronograph- 
room  where  the  circuit  was  completed. 

In  taking  all  except  the  first  two  sets  of  records  I  used  the  spark- 
coil  method  invented  in  this  laboratory.  For  a  full  description  of 
apparatus  and  method  see  the  article  by  Bliss  on  p.  7-10.  I  did  not, 
however,  use  the  multiple-key  described  there  but  led  the  current 
directly  to  the  research-room.  A  100  v.  d.  tuning-fork  was  used  but 
the  drum  was  turned  with  such  rapidity  that  the  waves  were  suffi- 
ciently long  to  be  easily  estimated  in  tenths  without  error,  thus 
giving  me  a  direct  record  in  thousandths  of  a  second. 

The  nearer  point  was  represented  by  a  small  capital  o  with  a 
heighl  of  0.7mni  and  the  further  point  by  a  large  capital  O  with  a 
height  of  25n,m,  except  at  the  point  represented  as  at  infinite  dis- 
tance when  a  larger  object  had  to  be  used.  This  object  was  a 
sectioo  in  the  crown  of  a  distant  chimney.  The  letter  at  the  near 
point  was  on  the  slide.  The  other  letter  was  on  a  card  in  a  movable 
support. 

The  course  of  the  investigation  was  somewhat  in  the  following 
manner.  First,  the  nearer  point  was  kept  constant  at  20cm,  and  the 
further  points  made  respectively  501"1,  1'",  2m,  4'",  8m,  12ro,  and  infi- 
oite  distance.  A  point  over  loo  away  was  considered  the  same  as 
a  point  infinitely  distant.     Then  the  further  point  was  kept  constant 
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at  infinite  distance  and  the  nearer  point  was  made  successively,  20ctn, 
50cm,  lm,  and  2m.  On  these  ten  distances  observations  were  made  in 
accommodating  the  eye  (1)  from  near  to  far  and  (2)  from  far  to 
near.  Both  points  lay  in  the  line  of  direct  vision.  In  this  line  was 
a  tube  extending  from  the  front  of  the  cornea  in  the  eye  of  the 
subject  to  within  a  short  distance  of  the  nearer  object.  The  tubes 
were  adjusted  at  a  sufficient  distance  from  the  slide  to  allow  light  to 
fall  upon  the  nearer  object.  There  was  a  special  tube  for  each  near 
distance.  The  20cm  and  50cm  tubes  had  a  bore  of  2cm.  The  lm  and 
2m  tubes  had  a  bore  of  4cm. 

Person  experimented  on. 

These  results  aim  to  be  the  records  of  a  typical  case.  I  selected 
a  subject  who  could  well  represent  the  average  and  gave  him  the 
most  favorable  circumstances,  i.  e.  a  comfortable  position,  good  light, 
medium  temperature  and  avoidance  of  anything  that  would  distract 
attention.  The  results  thus  have  uniformity  and  comparative  value 
because  they  are  taken  on  the  same  person  and,  as  nearly  as  possible, 
under  similar  circumstances.  The  subject  was  an  exceptionally  criti- 
cal and  reliable  observer — a  fact  of  considerable  importance  where 
we  have  to  trust  to  his  judgment  and  faithfulness  for  the  attainment 
of  our  results. 

This  series  of  observations  was  made  on  Mr.  August  Xelson,  aged 
29,  a  graduate  student  of  philosophy.  His  eye  is  emmetropic  with 
near-point  15°"'  and  far-point  x  ;  volitional  ability,  as  exercised  in 
concentrating  attention,  excellent.  Reacting  over  4<>00  times  to  the 
same  stimulus  he  acquired  considerable  practice.  Practice  may  have 
shortened  his  reaction-time  slightly  in  the  later  experiments,  but  the 
variation  was  not  great  as  he  had  made  nearly  a  thousand  reactions 
before  I  took  the  records  upon  which  this  article  is  based.  Of  other 
subjects  reacting  to  the  same  stimulus,  some  take  a  longer  and 
others  a  shorter  time  than  X.:  his  records  can  be  considered  as 
representative  of  the  average  man. 

Precautions  and  variations. 

Reaction  to  a  visual  stimulus  is  a  very  complex  act.  It  involves 
sensation,  judgment,  determination  and  other  factors.  In  order  to 
make  the  act  as  simple  as  possible  precautions  were  taken  to  avoid 
intricacies  and  to  facilitate  perception.  Thus,  to  avoid  long  and 
irregular  time  for  discrimination  and  decision,  the  plain  letter  O  was 
selected  as  the  object  for  which  to  accommodate.  The  subject  knew 
just  what  to  expect  and  where  to  look  for  it. 
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The  criticism  was  made  during  the  investigation  that  it  took  time 
for  the  second  objecl  t<>  "clear  up,"  It  was  "  blurred"  at  first  and 
"gradually"  became  clear.  That  is  just  the  point  here  investi- 
gated, viz:  the  time  required  t<>  change  the  focus  of  the  eye  so  as 
to  make  a  clear  image.  The  subject  was  instructed  to  use  his  best 
judgment  and  react  when  the  object  became  clear  to  him. 

Much  of  the  mean  variation  in  time  on  any  one  distance  we  may 
ascribe  to  the  fluctuation  of  attention.  Its  effect  upon  reaction-time 
i-  to  be  considered  as  established.  In  this  case  I  think  attention  was 
the  great  factor  in  determining  the  fluctuations  around  the  mean 
time  of  "clearing  up." 

A>  a  constant  source  of  error  I  would  mention  the  time  that  it 
took  the  slide  to  move  a  distance  corresponding  to  the  size  of  the 
letter  at  the  nearer  point.  This  time  was  less  than  -2".  Hence  the 
uncertainty  as  to  the  time  when  one  letter  went  out  of  view  and  the 
other  was  exposed  cannot  exceed  ±lff. 

Considering  all  the  other  objective  sources  of  error,  such  as  direc- 
tion and  strength  of  light,  jarring  of  the  apparatus  and  disturbances 
in  the  room,  I  would  estimate  that  all  the  variations  due  to  these  do 
not  exceed  ±  oa.  The  total  limit  of  error  was  thus  within  ±  6ff. 
No  uncorrected  sources  of  error  could  be  detected.  In  the  earlier 
experiments  where  the  unit  of  measurement  was  .01  sec.  the  latent 
time  of  the  Deprez  time-marker  was  quite  negligible;  in  the  later 
experiments  with  a  unit  of  \",  the  latent  time  of  the  electric  spark 
was  far  beyond  negligibility,  as  was  proved  by  experiments  described 
in  the  article  referred  to  above. 

Method  of   experimenting. 

The  person  experimented  on  was  seated  erect  with  the  right  eye 
before  tin-  tube.  The  left  eye  was  closed  but  free  to  move.  The 
reactions  were  made  with  the  second  finger  of  the  right  hand.  The 
instructions  were:  "Look  sharply  at  the  first  O  until  the  second  O  is 
exposed;   when  you  see  the  second  O  clearly,  react." 

The  time  of  the  operation  indicated  on  the  drum  included  the 
rime  of  changing  the  condition  of  the  accommodation  plus  the  time 
of  reacting  to  a  given  stimulus.  To  get  the  simple  reaction-time  I 
proceeded  as  above  except  that  the  subject  was  required  to  focus  for 
the  second  object  only,  or  on  the  place  where  it  was  supposed  to  be, 
and.  without  any  change  of  accommodation  to  react  every  time  he 
saw  the  same  object  again.  To  get  the  accommodation-time,  i.  e. 
the  time  of  changing  the  adjustment  of  the  eye  between  two  focal 
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points,  I  subtracted  the  simple  reaction-time.  The  records  of  the 
reactions  were  taken  in  sets  of  ten  to  twenty  in  each;  hence,  under 
similar  circumstances.  The  first  object  was  exposed  about  two 
seconds  before  the  change  and  there  was  an  interval  of  about  ten 
seconds  between  each  successive  observation. 

I  added  all  the  records  on  each  distance  in  a  set  and  took  the 
average.  The  tables  give  these  final  averages  with  the  mean  varia- 
tion and  number  of  experiments  corresponding  to  each. 

Results. 

In  the  following  tables  I  use  these  abbreviations:  N,  nearer  point; 
F,  further  point  ;  oo,  practically  infinite  distance;  /•'  — >  N~,  from 
far  to  near;  N  — >  F,  from  near  to  far;  n,  number  of  experiments 
of  which  the  average  is  taken:  A,  accommodation-time  ;  R,  reaction- 
time  ;  AM,  accommodation-time  plus  reaction-time;  JtfV,  mean  vari- 
ation. 

TABLE  I. 

(Curve  I)  N >  F.  N=20cu\     Unit  of  measurement,  .01  see. 


F 

AR 
27.2 

MV 

n 

R 

MV 

n 

A 

50cm 

7.4 
3.1 

39 

26.5 

3.8 

18 

0.7 

l'» 

28.4 

40 

26.5 

4.4 

16 

1.9 

Qm 

34.8 

4.4 

:;: 

:;-j.-j 

3.7 

13 

2.6 

8m 

36.1 

2.6 
7.6 

31 

32.3 

4.0 

19 

3.8 

40.9 

37 

3.-)..-) 
31.9 

6.3 

20 

5.4 

12" 

41.4 

11.2 

40 

5.7 

20 

9  5 

CD 

40.9 

5.9 

40 

31.5 

4.5 

20 

9.4 

The  figures  in  tables  I  and  II  express  hundredths  of  a  second,  the 
last  figure  being  simply  the  decimal  obtained  in  averaging  a  column. 
All  the  other  records  are  in  thousandths  of  a  second.  For  the  sake 
of  comparison  and  uniformity  the  first  two  curves  are  also  marked 
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in  thousandths  of  a  second  but  it  must  be  remembered  that  they  are 
based  upon  the  figures  in  the  first  two  tables. 
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50 

40 
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Fig.  20.     Curve  I. 


This  table  shows  that  when  iV  is  constant,  the  time  of  changing 
the  accommodation  of  the  eye  from  J\r  to  F  increases  with  the  dis- 

TABLE  II. 
(Curve  II)  A*  >  F.  F=cc  .     Unit  of  measurement,  .01  sec. 


N 

AR 

MV 

n 

R 

MV 

n 

A 

20cm 

40.9 

5.9 

40 

31.5 

4.5 

20 

9.4 

50cm 

40.0 

7.5 

40 

34.7 

5.6 

20 

5.3 

lB, 

32  5 

4.7 

35 

27.2 

3.5 

18 

5.3 

■  ■ 

39.8 

7.8 

40 

35.5 

5.4 

20 

4.3 

Taint-  of  F  up  to  12'".  Beyond  V2m  the  time  of  monocular  accom- 
modation does  not  vary  because  the  rays  are  practically  parallel  for 
all  such  distances.  It  will  be  observed  that  in  proportion  to  the 
distance  of  F  the  greatest  change  in  time  is  when  F  is  near  JV,  and 
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that  the  ratio  diminishes  to  infinity  as  the  distance  between  the  two 
points  is  increased. 
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Fig.  21.     Curve   II. 
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When  F  is  constant  the  time  increases  inversely  with  the  distance 
of  N~  from  the  eye  up  to  2m  or  more.     The  greatest  change  in  time 

TABLE  III. 
(Curve  III)  F >  N.  .V=20cm.     Unit  of  measurement,  <r=.001  sec. 


F 

AR 

MV 

n 

R 

MV 

n 

A 

50cm 

169 

24 

40 

159 

30 

18 

10 

lm 

168 

22 

40 

165 

21 

19 

3 

2m 

178 

18 

40 

157 

12 

18 

21 

4.m 

185 

33 

40 

163 

15 

17 

22 

8m 

189 

27 

34 

166 

19 

12 

23 

12m 

213 

37 

37 

152 

19 

10 

61 

00 

250 

29 

34 

206 

19 

20 

44 

84 
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La  when  N  is  near  the  eye.  The  law  of  relative  variation  is  the 
same  as  in  table  I,  i.  e.  within  certain  limits  the  acconimodation- 
time  varies  with  the  distance  Let  ween  X  and  /\  though  this  varia- 
tion is  not  in  proportion  to  the  distance. 


The  same  general   law  is  brought  out   here  as  in  table  I;  but  in 
this  ease  (F      — >  X)  the  time  is  shorter  and  the  mean  variation  is 

TABLE  IV. 

i Curve  IV)  F  >  N.  F—co.     Unit  of  measurement,  <r=.001  sec. 


N 

AR 

MV 

n 

R 

MV 

n 

A 

OOcm 

5fl 

250 

29 

36 

206 

19 

20 

44 

267 

51 

33 
40 

203 

16 

19 

64 

1- 

214 

19 

178 

17 

20 

36 

2m 

205 

18 

40 

162 

15 

16 

L3 

less  than  in  the  other  (N  >  F).     From  a  comparison  of  AR  and 

R  in   this  table  it   becomes   evident   that  the  deviation  in  the  case 
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of  the  last  figure  is  wholly  due  to  an  exceptionally  long  reaction- 
time. 
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Fig.  23.     Curve  IV. 

This  is  complementary  to   table  III,  and    corroborates  the  same 
principles  for  the  case  where  the  nearer  point  is  constant. 

TABLE  V. 

(Curve  V)  AR  taken   /•'  >  N  and  N >  F  alternately.    iV=20cm.     Unit  of 

measurement,  a=.001  sec. 


F 

a 
F >  W 

MV 

a 

b 

N       >  F 

MV 

n 

b  —  a 

1- 

174 

18 

40 

183 

13 

28 

9 

2m 

184 

37 

39 

220 

18 

36 

36 

4m 

211 

35 

38 

229 

22 

38 

18 

8'" 

269 

44 

38 
34 

297 

71 

35 

28 

12m 

335 

65 

398 

105 

29 

63 

00 

243 

65 

40 

363 

102 

40 

120 

66 
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The  purpose  of  this  sel  of  experiments  is  to  adduce  further  proof 
tor  the  facts  broughl  out  iii  tables  I  and  III,  and  to  show  how  the 
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Fig.   24.     Curve  V. 


time  is  influenced  by  the  direction  of  accommodation.     This  table 
is  a  comparison  of  .17?  taken  in  series  of  20  in  each  direction  alter- 


TABLE  VI. 

(Curve  VI)  AR  taken  F  -   —>  N  and  N-        >  F  alternately.    F  =  oo.     Unit  of 

measurement,  <r=.001  sec. 


N 

F       >  N 

MV 

n 

6 

N       >  F 

MV 

n 

b—a 

20cm 

243 

65 

40 

263 

102 
26 

40 

20 

50cm 

193 
30g 

19 

30 

229 

35 

36 

14 

1™ 

28 

27 

222 

29 

30 

On 

is; 

25 

32 

244 

48 

26 

57 

nately.     It  conforms  to  the  principles  laid  down  in  tables  I  and  III, 
and  also  shows  that  the  difference  between  All  taken  F -     >  iVand 
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JV-    — >  F  varies  with  the  distance  of  F  up  to  12m  when  N  is  con- 
stant. 
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Fig.  25.     Curve  VI. 
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When    F   is   constant,    the    difference   between    the   AH    taken 
F >  N  and  the  AH  taken  iV-      >  F  varies  inversely  with  the 
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Fig.  26.     Curve  VII. 


distance  of  N  up  to  2m  or  more.     This  is  complementary  to  table 
V,  and  confirms  the  same  principles. 


Monocular  accommodation-time. 


Curve  V  shows  the  difference  in  time  depending  on  the  direction 
of  accommodation.  This  difference  is  further  proved  and  illustrated 
by  other  'lata  in  curve  VH,  which  is  a  comparison  of  the  simple 
accommodation-time  as  given  in  tables  ami  curves  I  and  III.  In 
tlif  same  manner  curve  VIII,  complementary  to  curve  VII,  is  a  corn- 
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Fie.   27.     Curve  VIII. 
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parison  of  curves  II  and  IV,  and  proves  with  A  the  same  principle 
as  curve  VI  proves  with  .17?. 

Aside  from  the  time  itself  and  minor  conclusions  which  may  be 
drawn  from  these  figures,  three  important  principles  have  been  estab- 
lished. 

(1)  Within  certain  limits  the  accommodation-time  varies  with  the 
distance  between  the  points  for  which  theeye  is  to  be  accommodate!. 

ii' i  It  take-  longer  to  change  the  accommodation  from  near  to 
far  than  from  far  to  near,  and  this  difference  in  time  varies  directly 
with  the  length  of  the  accommodation-time. 

(3)  For  equal  distances  in  the  same  range  the  accommodation-time 
i-  greatesl  for  points  mar  the  eye  and  decreases  with  the  distance  of 
the  points  from  the  eye. 

From  tin-  second  fact  arises  the  important  question:  what  i-  it  in 
the  mechanism  of  the  eye  which  will  account  for  this  difference  in 
time  depending  on  the  direction  of  accommodation  ?     It  may  be  due 
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t<>  the  difference  in  time  required  for  relaxation  and  contraction  of 
the  muscles  controlling  the  lens,  or  to  the  difference  in  range  of 
movement  and  sureness  of  adjustment  in  changing  the  form  of  the 
lens  to  focus  for  points  at  different  distances  from  the  eye.  For  a 
satisfactory  answer  to  that  question  we  must,  however,  look  to 
further  investigation  on  the  physiology  of  accommodation. 


Comparison  with  previous  results. 

Barrett's  apparatus  consisted  of  a  skeleton  compound  microscope, 
supplied  with  electric  connections  by  means  of  which  the  time  was 
recorded  on  a  drum.  The  experimenter  carefully  pointed  out  and 
obviated  many  errors  of  previous  workers,  yet  his  apparatus  neces- 
sarily involved  three  sources  of  error  which  have  been  avoided  by 
the  apparatus  in  the  Yah'  laboratory. 

(1)  Instead  of  using  lenses,  as  Barrett  did,  the  eye  was  required 
to  look  directly  upon  the  objecl  fco  be  accommodated  for. 

(2)  His  apparatus  measured  accurately  to  0.1  sec.  only,  while  the 
present  apparatus  measures  with  accuracy  within  ±0.006  sec.  That 
his  apparatus  not  only  contained  some  great  error  but  also  gave  very 
inaccurate  records,  can  be  seen  from  the  frequent  remarks,  "time  too 
short  too  be  measured." 

(3)  The  greatest  error  is,  perhaps,  due  to  his  method  of  deducing 
the  simple  accommodation-time.  The  present  method  of  observing 
the  reaction-time  (without  any  movement  of  accommodation)  to  the 
same  stimulus,  for  each  distance  and  under  exactly  the  same  circum- 
stances is  the  only  t  rust  worthy  plan.  Barrett  arbitrarily  subtracted 
0.4  sec.  in  all  cases. 

Additional  records  on  six  other  persons,  which  have  not  been 
introduced  into  the  tables  in  order  not  to  disturb  their  value  for  com- 
parison, agree  with  Barrett's  conclusion,  that  accommodation-time 
varies  according  to  different  circumstances,  of  which  the  principal 
are  (1)  age,  (2)  practice,  (3)  individual  characteristics  and  (4)  time 
of  day. 

In  regard  to  fatigue,  however,  my  results  are  contrary  to  the  usual 
supposition.  Experiments  of  some  300  accommodations  in  one  con- 
tinuous set  do  not  support  that  theory.  Fatigue  soon  sets  in  and 
may  become  very  painful,  but  as  long  as  the  eye  can  accommodate 
clearly  it  causes  a  fluctuation  in  time  which  tends  more  to  accel- 
erate than  to  retard  the  velocity  of  accommodation. 


To  Monocular  accommodation-time. 

The  most  surprising  deviation  from  previous  results  and  theories 
is  the  conclusion  drawn  from  my  tables  as  to  the  relation  of  velocity 
in  accommodation  between  near  to  far  and  far  to  near.  Vieroki'i. 
An.\  and  Barrett  all  agree  that  the  accommodation-time  is  greater 
than  the  relaxation-time,  i.  e.  that  it  takes  longer  to  accommodate 
from  far  to  near  than  from  near  to  far.  This  statement  is  contra- 
dicted by  every  t:il>k'  and  diagram  given  above. 


ON  THE  RELATION  OF  THE  REACTION-TIME  TO  VARI- 
ATIONS IN  INTENSITY  AND  PITCH 


BY 


Morris  D.  Slattery,  M.D. 

Method  of  experimenting. 

The  plan  followed  was  to  place  the  person  experimented  on  in  an 
isolated  room  to  which  all  stimuli  were  sent  through  wires  from  a 
distant  room,  and  from  which  other  sets  of  wires  conducted  the  cur- 
rents making  electric  registration  in  still  another  room. 

The  first  requirement  was  thus  a  room  free  from  disturbing  lights 
and  sounds  ;  this  was  met  by  the  construction  of  the  isolated  room. 
The  isolated  room  is  a  small  room  built  inside  of  another  room  ;  four 
springs  of  rubber  and  felt  are  the  only  points  in  which  it  comes  in 
contact  with  the  outer  walls.  The  space  between  the  walls  is  filled 
with  sawdust  as  in  an  ice  box.  The  room  is  thus  proof  against 
sound  and  light,  and  affords  an  opportunity  of  making  more  accurate 
experiments  on  the  mental  condition  than  yet  attempted.  This  was 
the  final  construction  of  the  room,  adopted  after  numerous  experi- 
ments. As  such  a  room  mar  prove  valuable  in  physiological  and 
medical  work  where  freedom  from  disturbing  sights  and  sounds  is 
desired,  it  may  be  well  to  point  out  some  of  the  difficulties  to  be 
overcome  and  erors  to  be  avoided.  The  first  requirement  is  a  wall- 
surface  impervious  to  sound.  Owing  to  the  great  expense  involved, 
such  materials  as  asbestos,  heavy  tough  hair-felt,  lead,  etc.,  could  not 
be  used  ;  soft  wood  with  outside  packing  of  sawdust  was  finally 
chosen.  The  next  requirement  is  that  the  sound  waves  from  the 
building  should  not  be  transmitted  to  the  frame  wovk  of  the  inner 
room,  i.  e.  it  must  not  be  connected  to  the  outer  room.  The  nearest 
approach  to  the  satisfaction  of  this  requirement  was  made  by  sup- 
porting the  inner  room  on  pieces  of  soft  rubber  and  avoiding  all 
other  connection  with  the  walls  of  the  outer  room.  The  sound 
waves  in  the  building  are  thus  almost  hindered  from  passing  to  the 
inner  room.  The  vital  importance  of  these  precautions  can  be  shown 
by  simply  laying  a  pencil  across  from  the  wall  of  the  outer  to  that 
of  the  inner  room  ;  the  various  sounds  are  at  once  carried  across  and 
are  heard  in  the  inner  room  almost  as  loudly  as  if  none  of  the  other 
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precautions  had  been  taken.  The  third  requiremenl  is  the  means  of 
ventilation  w  i  1 1 1 « >  1 1 1  sound  conduction.  After  several  trials  a  peculiar 
ventilator  has  been  invented  in  which  the  air  is  made  to  pass  hack 
and  forth  through  a  tortuous  passage,  the  walls  and  partitions  in 
which  are  made  of  hair-felt.  Sound  waves  can  pass  through  benl 
tuhcs  only  by  reflection  from  the  walls  and  refraction  around  the 
angles;  in  the  ventilator  all  reflection  is  killed  by  the  non-elastic 
hit  and  tin'  amount  of  sound  transmitted  by  refraction  through  such 
a  tortuous  passage  is  so  small  that  a  person  shouting  into  it  at  one 
end  can  barely  he  heard  at  the  other. 

due  records  were  made    by  the  graphic  method,  the    usual    chrono- 

scope  method  being  rejected  as  cumbersome  and  inaccurate.  The 
counting  of  the  fork-vibrations  by  the  graphic  method  takes  a  some- 
what longer  time  than  the  reading  of  the  chronoscope  records  hut 
in  measurements  of  simple  reaction-time  this  extra  work  is  more 
than  compensated  by  the  saving  on  the  laborious  adjustment  of  the 
chronoscope  and  the  necessary  re-reckoning  of  the  results.  The  new 
method. of  making  graphic  records,  which  was  invented  in  the  labora- 
tory and  used  in  the  later  experiments,  not  only  greatly  increased 
the  accuracy  of  the  records  hut  made  the  work  much  less  than  that 
of  taking  chronoscope  records.  The  apparatus  used  for  recording 
was  the  same  as  that  described  by  Bliss  on  pages  10-16. 

In  my  investigations  the  multiple-key  was  connected  with  the 
isolated  room  and  the  apparatus  in  the  following  ways.  The  circuit 
from  the  tuning-fork  through  the  time-marker  was  connected  at  one 
side  to  P  and  at  the  other  to  B,  so  that  when  1'  and  1>  were  in  con- 
tact they  short-circuited  the  current.  This,  of  course,  stopped  all 
action  of  the  marker  while  the  contact  was  made,  hut  as  soon  as  the 
knob  <i  was  pressed  the  marker  started.  The  circuit  to  the  other 
marker  was  passed  through  the  lexer  1  to  0  and  the  platinum  point, 
and  out  through  Z  and  W.  then  to  the  reaction-room  and  through 
the  reaction-key.  As  soon  as  the  point  of  E  touched  ('  the  lever  I 
would  break  it's  contacl  at  Z  and  immediately  make  it  again  at  W, 
thus  making  a  nick  in  the  line  of  the  second  marker.  As  the  stim- 
ulus circuit  is  closed  at  the  moment  E  touches  l'  this  nick  gives  the 
moment  of  the  stimulus.  Since  the  current  is  immediately  closed  at 
W  the  marker  is  ready  to  make  another  nick  as  soon  as  the  person 
reacting  presses  his  key.  The  time-marker  connected  with  the  fork 
was  get  vibrating  as  soon  as  the  knob  G  was  touched,  so  that  the 
curve  was  already  being  drawn  before  the  record  began.  When  the 
spark-coil  is  used  the  primary  circuit  is  run  over  the  same  line  as  the 
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circuit  used  for  the  second  marker  ;  the  secondary  circuit  has  its  poles 
in  the  drum  and  in  the  lever  of  the  marker  connected  with  the  fork. 
Any  movement  at  Z  or  of  the  reactor's  key,  produces  a  spark.  Three 
different  arrangements  had  to  be  adopted  for  the  three  variations  of 
the  stimuli  to  be  used.  These  will  be  described  in  the  appropriate 
sections. 

Experiments  with  different  intensities  of  tone. 

In  all  the  experiments  on  tones  they  were  produced  by  electric 
forks  in  a  distant  room.  The  sound  thus  produced  was  sent  from 
the  primary  circuit  of  a  telephone  transmitter,  which  was  placed 
near  the  fork,  through  wires  to  the  multiple-key.  The  secondary 
circuit  of  the  transmitter  was  connected  directly  with  the  reacting 
telephone  in  isolated  room.  In  investigating  the  relation  to  intensity 
of  tones  a  fork  of  250  complete  vibrations  per  second  was  placed  in 
the  distant  room.  For  producing  variations  in  the  intensity,  a  resis- 
tance-box was  placed  in  the  primary  circuit  of  the  transmitter  ;  by 
this  means  a  resistance  of  100  ohms  could  be  introduced,  giving  a 
weak  tone,  or  50  ohms,  giving  a  medium  tone  or  zero,  giving  a  loud 
tone. 

The  first  person  experimented  on  was  E.  W.  Scripture.  With 
everything  in  readiness  for  the  experiments  the  person  entered  the 
isolated  room,  closed  and  fastened  the  door,  and,  holding  the  reacting 
telephone  close  to  his  ear,  waited  for  the  stimuli  to  which  he  would 
react  by  pressing  on  the  knob  of  the  reacting-key.  Thirty  experi- 
ments were  made  in  series  of  5  to  10  with  each  grade  of  intensity, 
the  order  being  varied  to  eliminate  influences  of  practice  and  fatigue. 
After  each  series  an  intermission  of  at  least  5  minutes  was  given. 
Preceding  the  sending  of  each  stimulus  a  warning  was  sent  to  the 
reactor  to  call  his  attention  to  the  expected  sound. 

After  the  first  evening's  experiment,  the  person  experimented  on 
made  the  following  statement.  "  Left  arm  resting,  with  telephone 
in  hand  close  to  ear.  Loudest  sound,  quite  loud.  Reacting  hand 
at  rest  except  index-finger  which  is  held  upon  key-knob.  After 
the  warning,  attention  was  directed  entirely  to  expected  sound. 
Eyes  were  closed  and  while  waiting  for  sound  were  turned  strongly 
toward  the  left.     General  condition  slightly  fatigued." 

The  next  person  experimented  on  was  I).  O'Keefe,  the  experiments 
being  performed  in  the  same  manner  as  the  preceding  ones.  His 
statement  after  the  experiments  was,  "  Left  arm  resting  with  tele- 
phone in  hand  (dose  to  ear.     Loudest  tone  quite  loud,   the    weak- 
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est  tone  being  just  perceptible.  Reacting  hand  at  ivst  except 
middle  finger  which  was  held  apon  key-knob.  After  receiving  the 
warning,  attention  was  turned  entirely  to  expected  sound.  Eyes 
open  and  turned  toward  the  left.  General  condition  good."  Before 
making  the  statement  he  asked,  "if  there  was  any  trouble  with  the 
apparatus  as  the  tone  changed  in  intensity  at  different  intervals." 
Be  was  do1  aware  of  the  fact  that  the  intensity  was  to  be  varied. 
The  results  of  the  experiment  are  summed  up  in  table  I. 

TABLE  I. 
Unit  of  measurement  =zla—  .001  second. 


S' 

MV 

n 

S" 

BTV 

n 

S'" 

MV 

n 

E.  W.  S. 

282 

68 

14 

287 

61 

17 

299 

72 

15 

D.  0.  K. 

249 

5; 

34 

212 

70     , 

29 

218 

68 

10 

The  first  column  gives  the  person  experimented  on,  the  second  the 
reaction-time  to  the  strongest  tone,  the  third  the  mean  variations 
from  the  average,  the  fourth  the  number  of  experiments,  the  fifth, 
sixth  and  seventh  give  the  data  for  the  medium  tone,  the  eighth, 
ninth  and  tenth  those  for  the  weakest  tone. 

It  will  be  seen  from  the  results  that  for  the  loudest  sound,  in  the 
case  of  E.  W.  S.,  we  have  a  reaction-time  of  282ff  ;  for  the  medium 
intensity  the  reaetion-time  was  287ff,  for  the  tone  of  weak  intensity 
the  reaction-time  was  299ff.  The  absolute  differences  for  different 
intensities  were  small  and  were  much  less  than  the  amount  of  the 
mean  variation.  We  can  therefore  conclude  that  they  are  practically 
equal  and  that  within  the  Hunts  of  intensity  used  in  these  experiments 
the  reaetion-time  does  not  vary  with  the  intensity  to  any  degree  that 
can  be  detected. 

In  the  experiments  on  D.  O.  K.  it  will  be  seen  that  the  differences 
in  the  reaction-time  are  reversed  but  are  also  small;  with  sound  of 
greatest  intensity  the  reaction-time  was  249ff,  with  the  sound  of 
medium  intensity  the  reaction-time  was  ■i\-j.r:,  with  sound  of  weak 
intensity  it  was  218c.  From  these  results  the  same  conclusion  is  to 
be  drawn  a*  from  the  previons  ones. 

.Similar  experiments  had  been  previously  begun  in  March,  1892,  by 
Dr.  Scripture  at  (lark  University  on  F.  B.  Dresslar,  but  were  not 
carried  to  completion.     The  sound  was  produced  by  a  secondary  coil 
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connected  with  a  telephone  and  placed  over  a  primary  coil  through 
which  passed  a  current  interrupted  by  the  vibrations  of  a  250  tuning- 
fork.  The  angle  which  the  axes  of  the  two  coils  made  with  each 
other  regulated  the  intensity  of  the  sound,  which  was  in  all  cases 
weak.  Five  steps  with  coils  at  angles  of  110°,  125°,  140°  and  1-55° 
were  taken.  The  records  of  March  22  were  handed  to  me  by  Dr. 
Scripture  to  be  used,  if  I  saw  fit,  in  comparison  with  my  experi- 
ments.    Thev  were  counted  and  the  results  will  be  found  in  table  II. 


TABLE  II. 

Unit  of  rneasurement  =  l<T: 


.001  second. 


S' 

MV 

n 

30 

S" 

MV 

n 

S'" 

MV 

n 

S"" 

MV 

n 
30 

288 

26 

239 

18 

28 

224 

25 

29 

268 

15 

The  columns  refer  to  the  same  subjects  as  in  the  previous  table, 
but  four  grades  of  intensity  were  used.  The  strongest  sound  is 
placed  first.  The  reactor,  Mr.  Dresslar,  said  in  a  note  at  the  end  of 
the  experiments,  kk  that  he  perceived  no  difference  in  the  intensity  of 
the  various  sounds,  i.  e.  to  his  consciousness  the  different  sounds 
appeared  to  him  to  be  of  equal  intensity.1'  While  actually  there 
was  a  difference  in  the  intensity  of  the  tone,  it  must  have  been  very 
slight.  A  comparison  of  the  reaction-times  of  the  four  steps  taken 
shows  such  a  slight  difference  that  the  only  conclusion  to  be  drawn 
from  the  experiments  i>  the  same  as  in  the  previous  case. 

That  other  observers  have  obtained  very  long  reaction-times  for 
very  weak  noises  might  be  explained  by  the  fact  that  when  the 
warning  signal  is  used  shortly  before  the  stimulus  is  to  he  produced 
there  is  a  natural  tendency  t<>  revive  an  image  of  the  sound  in  the 
mind.  In  the  case  of  loud  sounds  the  image  would  give  rise  to  no 
confusion,  but  in  the  case  of  very  weak  sounds  the  observer  might 
well  be  in  doubt  as  to  whether  a  sound  apparently  heard  was  such  a 
memory  or  was  actually  produced  by  a  stimulus.  Some  experiments 
on  the  border  line  between  sensation  and  hallucination  indicate  such 
an  explanation. 

In  the  table  of  results  obtained  from  experiments  performed  by 
Wundt,1  from  which  he  concludes  that  the  reaction-time  decreases 
constantlv  with  an  increase  in  intensity  of  the  stimulus,  it  will  be 
seen  that  his  figures  do  not  bear  out  the  statement.  In  his  experi- 
ments  the    sound    was    produced   by  a  ball    falling   from    different 

1  Physiologische  Psychologie,  2  ed.,  II  238. 
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heights;  as  the  height  increased,  the  noise  became  louder.  His 
figures  for  successively  louder  sounds  are  217ff,  I  t6ff,  L32ff,  135ff,  I61ff, 
1 7 1"»  .  L59ff,  '■' i '.  It  is  at  once  apparenl  thai  with  the  exception  of 
the  weakest  sounds,  the  results  are  in  Wired  contradiction  to  the 
statement.  It  is  hut  fair  to  add  thai  these  results  are  omitted  from 
the  later  editions  of  the  PhysiologiscJn   Psychologic 

The  experiments  oi  Martius  on  tones  and  noises  gave  negative 
results,  i.  e.,  the  reaction-times  of  the  various  experiments  were 
nearly  equal  or  showed  slighl  and  inconstant  relations  to  each 
<uher.  He  drew  the  following  conclusions:  "There  is  no  constant 
decrease  in  the  reaction-time  with  an  increase  in  the  strength  of  the 
Stimulus.  Differences  in  the  times  occur  only  when  very  ureat  dif- 
ferences  in  the  strength  of  the  stimuli  exist,  as  for  instance  between 
a  very  weak  and  a  very  loud  sound.  The  lengthening  of  the  time 
with  very  weak  stimuli  can  be  accounted  for  by  difficulty  of  percep- 
tion." 

My  experiments  ou  Tones  lead  to  these  conclusions  : 

First — The  law  that  the  reaction-time  decreases  with  increasing  in- 
tensity  of    stimulus  does  not    hold  g 1   for  the  sense  of    hearing, 

i.  e.  the  reaction-time  to  tones  is  marly  the  same  for  all  moderate 
intensities. 

Sec.  md — The  longer  time  registered  for  very  weak  tones  or  noises 
by  some  observers  is  probably  not  due  to  any  conscious  change,  but 
i-  caused  by  hesitation  as  to  the  actual  hearing  of  the  stimulus. 

Experiments  with  tones  of  different  pitch. 

In  using  tones  of  different  pitch  the  arrangement  was  nearly  the 
same  as  in  the  previous  case.  Three  forks  were  all  kept  ready  so 
that  in  the  few  minutes  of  rest  between  the  sets  of  experiments  a 
change  could  be  made  from  one  to  the  other.  The  resistance  was 
kept  in  the  circuit  and  by  preliminary  trials  the  amount  of  resistance 
t.,  he  nxed  for  ea<  h  tone  was  determined,  so  that  all  the  tones  seemed 
to  b(  of  tin-  ~;une  intensity.  This  was  quite  necessary  as  it  is  impos- 
sible to  adjusl  an  electric  fork  so  as  to  give  the  same  intensity  on 
different  occasions.  Similar  precautions  as  to  practice,  fatigue,  etc., 
were  taken  a-  i:i  the  previous  case.  The  reactor  seated  in  the  isolated 
room  heard  the  tones  through  the  reacting  telephone  as  before.  The 
pitch  of  the  torn-  was   changed    by   changing  the  forks.     Since  the 
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tones  were  adjusted  so  as  to  be  of  the  same  apparent  intensity  it 
would  naturally  be  expected  from  the  experiments  of  the  preceding 
section  that  the  reaction-times  would  be  the  same.  The  actual 
results  are  given  in  the  following  table  : 

TABLE  III. 

Unit  of  measurement  =  1^=  .001  second. 


P' 

MV 

n 

P" 

MV 

n 

p„. 

MV 

n 

240 

38 

46 

179 

28 

60 

163 

20 

60 

P',  P"  and  P'"  denote  the  tones  100,  250  and  500  respectively.  It 
is  at  once  seen  that  the  reaction-time  decreases  with  the  rise  in  pitch, 
a  result  which  agrees  with  that  of  Martius.  The  natural  inclination 
is  to  explain  this  difference  in  the  reaction-times  by  the  supposition 
that  10  to  15  vibrations  are  required  before  the  tone  is  perceived. 
If  this  supposition  be  true  we  should  obtain  the  same  reaction  for  all 
the  tones  by  deducting  the  perception-time  of  each  from  its  reaction- 
time.  Suppose  we  take  ten  vibrations  as  representing  the  inertia  of 
the  sense  organ  ;  this  would  give  us  the  perception-times,  100ff,  40ff 
and  20ff  for  the  three  tones  100,  250  and  500  respectively.  Subtract- 
ing these  perception-times  from  the  total  reaction- times  given  in  the 
table,  240ff,  179ffand  163ff,  we  get  the  remainders  140ff,  ISO'7  and  143(T. 
These  remainders  fall  within  the  limits  of  variation  and  are  to  be 
regarded  as  the  same.  My  results  are  thus  in  harmony  with  the 
supposition  mentioned.  Martius  obtained  results  which  agree  with 
mine  in  the  fact  that  the  reaction-time  decreases  with  a  rise  in  pitch, 
but  this  decrease  could  in  no  way  be  brought  into  harmony  with  the 
supposition  that  a  constant  number  of  vibrations  was  used  up  in  the 
latent  time. 

The  conclusions  to  which  my  experiments  lead  are  as  follows  : 

First — The  reaction-time  to  tones  decreases  as  the  pitch  rise--. 

Second — The  view  held  by  Exeter,  vox  Kries  and  Auerbach  and 
rejected  by  Martius, — namely,  that  about  1<>  vibrations  are  neces- 
sary to  the  perception  of  a  tone,  no  matter  what  its  pitch, — is  suffi- 
cient to  explain  the  differences  in  the  reaction-times  for  different 
tones. 

Experiments  with  electrical  stimuli  of  different  intensities. 

In  using  electric  stimuli  the  current  of  the  primary  circuit  after 
passing  through  the  inner  coil  was  sent  through  one  of  the  prongs 
of  a  fork,  kept  vibrating  electrically,  by  which  it  was  interrupted  at 
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each  vibration.  From  the  fork  it  was  senl  through  a  rheochord  com- 
posed of  seven  lengths  of  wire.  Hence  it  passed  to  binding  posts  2 
of  the  multiple-key  mentioned  above.  The  other  pole  of  the  battery 
was  connected  to  binding  post  3.  When  the  key  is  pressed,  the 
circuit  is  completed.  The  secondary  coil  was  connected  with  two 
electrodes  in  the  reaction-room.  One  electrode  was  of  zinc  covered 
with  cloth,  the  other  of  sponge  ;  both  were  moistened  with  a  solu- 
tion of  common  salt.  The  other  arrangements  were  the  same  as  in 
the  previous  eases.  In  these  experiments  the  spark-coil  was  used 
and  the  same  precautions  as  observed  in  former  experiments  were 
adopted. 

As  soon  as  the  multiple-key  is  pressed  the  current  passes  through 
the  primary  circuit,  being  all  the  time  interrupted  100  times  per 
second  l>y  the  electric  fork.  This  causes  a  current  to  pass  through 
the  secondary  circuit  and  the  person  in  the  isolated  room  receives 
100  shocks  per  second.  As  soon  as  he  perceives  the  shocks  he  is  to 
read  in  the  usual  way.  The  time  is  measured  between  the  moment 
of  closing  the  primary  circuit  and  that  of  reacting.  The  intensity 
of  the  stimulus  can  lie  regulated  either  by  moving  the  secondary  coil 
nearer  to  or  further  from  the  primary  or  by  weakening  the  primary 
current.  The  former  method  was  not  suited  to  the  single  experi- 
ments but  was  used  to  regulate  the  shock  permanently  to  any  desired 
intensity.  Then  the  different  intensities  were  produced  by  adjust- 
ment of  the  amount  of  wire  introduced  on  the  resistance-board. 

During  the  experiments  six  steps  of  different  intensity  were  taken. 
The  greatest  intensity  was  obtained  by  shoving  the  secondary  coil 
sufficiently  near  to  the  primary  coil  until  a  shock  was  produced 
which  was  not  strong  enough  to  startle  the  reactor  and  thereby  inter- 
fere with  tin-  reaction-time.  When  a  variation  in  the  intensity  of 
the  stimulu-  was  desired,  the  clamp  was  transferred  to  another  wire 
on  the  resistance-board,  causing  an  increase  of  resistance  of  two 
feet  of  the  wire  with  each  step.  When  the  clamp  was  on  wire  No. 
6,  a  resistance  of  12  feet  of  fine  German  silver  wire  was  thus  inserted 
and  a  very  weak  shock  was  produced. 

The  experiments  were  performed  in  the  same  manner  as  the  pre- 
ceding  ones.  A  warning  was  given  previous  to  each  stimulus.  The 
reactions  were  repeated  at  intervals  of  15  seconds,  until  a  record  of 
30  reactions  was  taken,  after  which  a  rest  of  five  minutes  was  given 
to  the  reactor.     The  person  experimented  on  was  E.  W.  Scripture. 

The  results  are  seen  in  table  IV. 
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TABLE  IV. 
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&     MV 

/* 

SH     MV 

n 

Si» 

MV 

n 
17 

Siv    MV 

n 

S"    MV 

n 

gvi 

MV 

n 

137    21     19    135    26    15  155 

29 

180    46 

26 

220     61 

24 

210 

61 

22 

S!  is  the  shock  of  greatest  intensity  ;  Su,  SUi,  Siv,  Sv,  Svi  represent 
shocks  of  lesser  intensity,  Svi  being  the  weakest  ;  otherwise  the 
abbreviations  are  the  same  as  used  in  previous  tables. 

It  will  be  seen  that  there  is  a  slight  but  constant  decrease  in  the 
reaction-time  with  an  increase  in  the  intensity  of  the  stimulus. 
These  results  coincide  with  those  obtained  by  other  observers . 

The  conclusion  to  be  drawn  seems  evident,  namely,  that  in  the 
domain  of  tactile  stimulation  bv  electricitv  the  reaction-time  de- 
creases  with  the  increase  in  the  intensitv  of  the  stimulus. 


EXPERIMENTS   (>N    THE    MUSICAL   SENSITIVENESS    OF 

SCHOOL  CHILDREN 


BY 


J.  A.  Gilbert. 

Bodily  measurements  of  children  have  been  repeatedly  made;  their 
laws  of  bodily  growth  have  been  empirically  determined;  most  im- 
portant deductions  for  the  equipment  and  management  of  schools 
have  been  made  from  them.  The  senses  and  intellect  of  school 
children  have  received  less  attention;  most  of  the  work  has  been 
confined  to  investigating  the  sharpness  of  vision,  the  acuteness  of 
hearing  (deafness)  and  the  memory  powers.  The  musical  sensitive- 
aess  has  never,  I  believe,  been  tested. 

By  musical  sensitiveness  is  meant  the  least  noticeable  difference  in 
the  pitch  of  a  tone.  Those  who  can  detect  a  small  difference  in 
pitch  between  two  successive  tones  are  more  sensitive  than  those 
who  can  detect  only  larger  differences. 

Apparatus  and  methods. 

Since  the  object  of  the  present  investigation  was  not  to  determine 
the  hast  perceptible  difference  in  relation  to  tones  of  various  pitches 
but  was  to  compare  children  with  one  another,  a  single  tone  was 
used  throughout  the  experiments,  namely,  the  tone  a=435  of  inter- 
national pitch.  The  method  was  that  of  minimum  gradation.  Each 
experiment  was  composed  of  two  tones  and  a  judgment  as  to  their 
likeness.  The  tone  a  was  first  sounded,  then  a  tone  -^  of  a  tone 
higher;  the  child  answered  "same"  or  "different;"  a  was  again 
sounded,  then  a  tone  -^  higher;  and  so  on,  the  second  tone  being 
raised  .'.-,  each  time,  until  the  child  had  several  times  declared  the 
tone-  to  be  different.  Thereupon  the  second  tone  was  started  at  the 
same  pitch  as  the  first  and  in  Like  manner  successively  lowered.  The 
number  of  thirty-seconds  of  difference  that  were  just  perceived  was 
noted  in  the  two  cases;  the  average  gave  the  result  for  a  single 
experiment.     Ten  experiments   were  made  on  each  child.     The  child 
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was  left  entirely  ignorant  of  the  method  of  performing  the  experi- 
ment, so  as  to  avoid  suggestion  of  any  kind. 

The  instrument  used  in  making  the  experiments  was  composed  of 
an  adjustable  pitchpipe  with  an  index-arm  moving  over  a  large  scale. 


Fig.  28. 


The  instrument,  which  may  for  brevity  be  called  the  tone-tester,  is 
shown  in  figure  28.  The  fan-shaped  plate  A  is  supported  by  a  handle 
beneath  it.  The  pipe  I>,  fastened  to  A,  contains  a  vibrating  reed 
whose  length  is  regulated  by  a  tightly  sliding  clamp,  the  projecting 
rod  of  which  is  shown  at  C.  This  clamp  is  moved  by  a  lever  Avhose 
long  arm  I),  with  the  handle  E,  extends  out  over  the  plate.  It  is 
readily  seen  that,  for  each  different  position  of  the  point  of  the  long 
arm,  the  vibrating  reed  will  have  a  different  length  and  the  tone 
produced  will  be  different  in  pitch.  It  is  also  evident  that  a  small 
difference  in  pitch  corresponds  to  a  large  movement  of  the  point  of 
the  long  arm. 

The  points  on  the  index  for  each  tone  and  half-tone  were  deter- 
mined by  direct  comparison  with  a  carefully  tuned  piano  of  a  piano- 
dealer.  These  larger  divisions  were  then  divided  proportionately 
into  sixteenths.  As  the  large  divisions  were  into  half-tones,  these 
divisions  corresponded  to  thirty-seconds  of  atone. 
6 
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The  accuracy  of  the  results  depended  on  the  accuracy  of  the 
instrument  and  the  accuracy  of  the  method.  The  possible  errors  of 
the  instrument  were  as  follows:  error  of  tuning,  error  of  gradua- 
tion, and  two  errors  of  change  in  pitch. 

The  readings  of  the  instrument  must  be  accurate  to  I  unit  of  the 
scale  (  .'.,  of  a  tone).  The  largest  allowable  error  in  the  instrument 
is  t bus  \  a  unit  of  the  scale. 

As  the  tuning  was  performed  by  observing  the  freedom  from  heats, 
the  error  from  this  source  could  not  be  above  a  tenth  of  a  heat  per 
second.  The  half-tone  a  to  rft  corresponds  to  nearly  26  vibrations 
per  second  :  half  a  space  of  the  scale  would  indicate  aboul  i;  of  a 
vibration.      The  error  is  thus  less  than  |  of  a  space. 

The  intermediate  graduation  was  done  by  eye,  and  was  iimpies- 
tionably  accurate  within   |  of  a  space. 

The  firsl  error  of  change  in  pitch  is  the  error  that  might  he  intro- 
duced by  back-lash  in  the  joint  between  the  lexers.  To  avoid  this 
the  lever  was  always  started  beyond  <~i  and  moved  up  to  it  in  t  In- 
direction in  each  experiment.  With  this  precaution  the  error  is  same 
practically  zero. 

The  change  of  pitch   due  to  changing  intensity  of  the  blast  was 
mainly  eliminated    by   practice  in   blowing  the   pipe.     The  residual 
could  not    he  determined,  hut  it  was   probably  negligible   in  com  pari 
son  with  the  others. 

All  the  residuals  are  much  less  than  the  required  amount.  Their 
sum  was  unquestionably  within  the  limit  set,  and  the  requirements 
of  precision  in  the  instrument  can  be  said  to  have  been  satisfied. 

The  sources  of  variation  due  to  mental  influences  were  as  follows  : 
influence  of  the  judgment  of  pitch  by  changes  in  intensity,  influence 
of  suggestion. 

Judgments  of  pitch  are  generally  made  quite  without  regard  to 
intensity.  Measurements  of  the  influence  of  changes  of  intensity 
on  the  judgments  of  pitch  have  never  been  made  ;  but  as  great  care 
was  taken  in  blowing  the  apparatus  and  as  the  adult  experimenter 
could  regulate  the  sound  with  an  ear  so  much  finer  than  that  of  the 
children,  the  variation  was  probably  negligible.  Otherwise  it  enters 
•  ne  of  the  factor-  into  the  mean  variation  given  in  the  table. 

All  chances  of  suggestion  had  to  be  avoided.  Children  are  in- 
clined to  follow,  almosl  unconsciously,  the  slightest  indication  in 
making  their  decisions.  Those  of  the  ages  nine  and  upwards  were 
dealt  with  in  groups,  each  making  upon  a  paper  an  equality-sign 
when  the  two  tones   seemed   the  same  to  him  and  a  cross  when  they 
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seemed  different.  Children  of  six,  seven  and  eight  years  of  age  had 
to  he  dealt  with  individually  for  fear  that  they  would  be  influenced 
by  their  companions  and  would  not  be  reliable  in  their  marking.  All 
results  were  very  satisfactory  with  the  exception  perhaps  of  three 
children  aged  six  whose  data  were  somewhat  uncertain  on  account  of 
lack  of  attention,  independence  and  decision,  or  perhaps  from  the 
excitement,  fear  and  novelty  of  the  undertaking.  These  influences 
of  suggestion  and  distraction  are  probably  the  main  factors  in  the 
mean  variations. 

Experiments. 

Five  boys  and  five  girls  of  each  age  except  18  and  19  were  experi- 
mented upon.  For  the  ages  18  and  I  9  it  was  possible  to  obtain  only 
girls.  In  computing  the  results  the  average  of  all  the  experiments 
for  a  given  age  was  firsl  obtained.  The  mean  variation  from  this 
result  was  noted.  Then  the  children  of  that  age  were  considered 
separately,  the  mean  variation  from  the  result  for  each  child  being 
computed.  Finally  the  average  of  these  mean  variations  was  taken. 
This  can  be  illustrated  as  follows.     Let 

K  K hu~ 


Ji>    .Aj> Ao 

be  the  results   for  ten  children  of  a  given   age.     The  total  average 

will  be  (",+",  + +  a10  +  b1  +  bi  + +  bt0+ +j\  +j9 +jj 

-f-100;  this  is  the  resull  given  in  column  D  of  the  table,  the  first 
decimal  place  of  the  average  being  retained.  The  mean  variation 
of  the  separate  measurements  obtained  in  the  usual  way  is  given  in 
the  column  beaded  MY.  This  mean  variation  can  be  used  as  an 
index  of  the  accuracy  of  the  result.  The  results  for  each  child  were 
obtained   by   taking  the  averages   («,+  "„+...  +«10)  -4-  10  =  a, 

(K  +  b7+.  .  .  +bl0)+W=b, (./,  +  ./,+  •  •  •  +./lu)-10  =  i- 

The  average  of  these  averages  is,  of  course,  the  same  as  the  total 
average.  The  mean  variations  for  <t,  b,  .  .  .  .,  j  are  then  calculated; 
these  mean  variations  will  indicate  how  much  the  child's  judgments 
fluctuated  owing  to  the  conditions  of  attention,  suggestion,  etc.  To 
gel    at   the   average  effect  for  the  given  age   the  average  of  these 
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mean  variations  was  taken;  tins  is  given  in  the  table  in  the  column 
MY'.  The  last  column  in  the  table  gives  the  cumber  of  experi- 
ments for  each  age. 

TABLE. 


Age 

D 

MV 

L.38 

MV 
L76 
3.60 
1.29 

n 

fi 

12.3 

100 

Kio 

7 

9.1 

.89 

8 

6.8 

.90 

100 

it 

4.8 

1.09 

1.14 

1(1(1 

Hill 
100 
100 
100 

in 

6.2 

.68 

.77 
.89 

11 

4.8 

1.09 

12 

4.1 

.99 

.45 

13 

3.7 

1.26 

.46 

u 

3.5 

.97 

.94 

1(1(1 

15 

5. 

4. 

1.03 

1.11 

90 

Hi 

.91 

.68 

50 

18 

2.6 

.74 
.84 

.93 

60 

I'.i 

2  1 

.62 

1  Hi 

I),  leasl  perceptible  difference  in  :i'~,,,ls  of  a  tone. 
MV.   mean  variation  for  total  result. 
MV  .  average  of  mean  variations  for  separate  children. 
//.  number  of  experiments. 


The  relation  of  the  size  of  the  least  perceptible  difference  to  the 
age  is  shown  in  the  accompanying  curve,  fig.  29,  in  which  the  figures 
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on  the  horizontal  axis  indicate  the  ages,  those  on  the  vertical  axis 
the  least  perceptible  differences. 

13r 


Fig.  29. 

Conclusions. 

1.  The  primary  aim  in  taking  up  this  problem  was  to  discover  if 
there  were  any  who  could  not  distinguish  to  a  half-tone,  and,  if  so, 
to  determine  the  proportion  to  the  total  number.  The  question  was 
of  practical  importance.  Any  such  children  could  not,  of  course, 
receive  the  same  instruction  in  music  ;  if  the  proportion  below  a 
certain  age  were  large,  musical  intelligence  could  not  be  expected  in 
the  earlier  ages. 

The  results  show  that  the  children  are  fully  capable  of  the  task 
expected  of  them.  The  least  sensitiveness  occurs  with  children  of 
six  years  where  the  average  least  perceptible  difference  is  12  thirty- 
seconds  or  f  of  a  tone.  Of  all  the  children  examined  there  were 
only  three  individuals  whose  average  exceeded  half  a  tone. 
7 
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•2.  It  is  at  once  seen  thai  the  least  perceptible  difference  decreases 
with  increasing  age,  i.  e.  the  sensitiveness  increases.  The  sensitive- 
ness increases  at  first  rapidly,  bul   finally  becomes  almost  stationary. 

It  is  a  pedagogical  principle  thai  the  child  develops  more  rapidly 
during  the  first  ten  years  oi  its  life  than  at  any  other  time.  Tone 
discrimination  offers  no  exception  to  the  rule;  in  the  three  years 
from  6  to  9  the  child  gains  in  discriminative  sensibility  more  than 
twice  as  much  as  in  the  whole  of  the  ten  years  thereafter  ii|>  to  the 
age  of  L9.  The  contrast  increases  as  the  number  of  years  taken 
into  consideration  is  greater,  for  the  child  gains  more  in  the  three 
vears  from  6  to  9  than  it  can  possibly  gain  during  the  rest  of  its 
life-time. 

3.  Judging  from  the  way  in  which  mind  and  body  develop  under 
education  it  would  naturally  be  inferred  that  the  discriminative 
ability  of  the  child  would  increase  regularly  with  advance  in  age. 
At  the  ages  ten  and  fifteen,  however,  occur  very-abrupt  changes. 
In  order  to  verify  the  data  for  those  points  I  repeated  the  trials  on 
the  vears  nine,  ten  and  fifteen  with  increased  numbers  in  each  age 
hut  the  second  average  result  varied  only  0.3  of  a  thirty-second  from 
the  firsl  average,  showing  that  the  curve  was  true  to  the  facts  so  far 
a-  could  he  detected. 

A  similar  change  in  the  curve  apparently  occurred  at  the  age  of 
twenty,  hut  as  I  only  had  three  subjects  of  that  age  I  did  not  feel 
justified  in  adding  the  result  to  the  table,  yet  this  seemingly  similar 
jump  at  twenty — a  leap  in  the  curve  from  2.4  up  again  to  3.2 — adds 
credence  to  the  supposition  that  there  is  some  periodic  change  caus- 
ing it.  After  twenty  years  the  curve  seems  to  drop  again  as  it  did 
after  LO  and  15,  but  here  also  the  number  of  persons  was  insufficient 
to   justify  establishing  a  point  on  the  curve. 

It  will  he  noticed  that  the  sudden  changes  divide  the  curve  into 
uniform  portions  from  <;  to  9,  from  10  to  14  and  from  15  to  19. 

An  explanation  for  this  lo^s  (>f  sensitiveness  at  certain  ages  seems 
difficult. 

The  change  at  fifteen  is  more  easily  explained,  perhaps,  than  the 
one  al  ten,  as  that  is  the  age  at  which  puberty  shows  its  effects  on 
lln-  system.  Although  these  influences  cannot  be  placed  at  one 
certain  year,  the  average  lie-  at  l  \  years  and  live  months. 

Possihly  the  second  teething  which  occurs  at  9  to  12  years  of  age 
may  have  such  an  influence  on  mental  life  as  to  cause  a  loss  of  sensi- 
tiveness. 


1  Eighth  Annual  Eept.  .Ma--.  Stan   Board  of  Health,  1*77.  p.  284,  Table  No.  16. 
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Similar  decreases  in  ability  are  to  be  seen  in  the  results  obtained 
by  Bryan."  There  is  a  marked  difference  between  the  data  of  the 
two  periods  9-10  and  14-15  from  the  data  of  the  other  ages.  Also 
in  the  charts  at  the  close  of  his  article  there  is  an  almost  invariable 
change  in  his  curves  at  the  ages  10  and  14,  showing  that  his  subjects 
labored  under  some  set-back  or  disadvantage  at  those  ages. 

2  Bryan,  On  voluntary  motor  ability.  Am.  Jour.  Psych.  1892  V  160,  Table  VII. 
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E.  W.  Scrii'ti  1:1:  and  John  M.  Moore. 

In  an  article  on  the  skin-sense'  Dkssoik  describes  an  arrangement 
for  use  in  place  of  the  ordinary  telegraph-key  in  investigating  reac- 
tion-times. In  addition  to  the  gain  in  convenience  he  claims  that  the 
varying  results  obtained  for  sensory  and  muscular  reactions  are  due 
to  the  effect  of  the  construction  and  manner  of  use  of  the  ordinary 
k.v  on  the  time  of  executing  voluntary  movements. 

At  the  request  of  Prof.  Titchener  of  Cornell  University  a  rough 
copy  of  Dessoir's  arrangement  was  made  in  our  laboratory  work- 
shop. It  became  evidenl  thai  this  arrangement  possessed  only  one 
good  quality,  that  of  portability  ;  with  it  the  arm  and  hand  did  not 
need  to  be  upon  a  table  as  with  the  telegraph-key  but  could  be 
placed  in  any  comfortable  position.  With  this  exception  all  the 
disadvantages  of  the  telegraph-key  were  retained  and  some  further 
ones  added. 

The  advantage  of  portability  is  so  great  that  the  problem  of  the 
invention  of  a  key  that  could  be  used  in  any  position  was  under- 
taken. At  the  same  time  certain  faults  of  the  telegraph-key  were  to 
be  avoided.  There  was  to  be  no  spring  ;  the  key  was  to  act  on  the 
make  or  the  break  or  on  both  ;  each  contact  was  to  be  applicable  to 
either  a  flexion  or  an  extension  movement. 

The  problem  was  solved  with  success.  The  final  form  in  which 
the  key  was  made,  is  shown  in  fig.  30. 

Two  hard-rubber  slides  run  on  steel  guides.  The  upper  slide  has 
a  hole  to  tit  the  end  of  the  linger.  The  other  has  an  inclined  hole 
for  the  thumb,  for  use  when  the  key  is  held  by  the  thumb  and  finger 
alone.  When  the  key  i-  rested  on  anything  or  is  held  by  the  other 
hand,  the  thumb  may  be  placed  against  the  projecting  arm  ;  this 
arrangemenl  gives  a  somewhal  easier  action,  as  the  finger  moves 
more  naturally  in  a  plane  inclined  to  that  passing  through  thumb 
and  finger. 

1  Dessoib,  Ueber  den  Hautsinn,  Du  Bois-Reymond's  Arch.  f.  Physiol.  1892  309. 
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The  binding-post  shown  at  the  top  carries  a  platinum  contact  ; 
that  on  the  upper  slide  is  connected  with  a  contact  at  each  side  of 
the  slide  ;  that  on  the  lower  slide  is  connected  with  a  contact  point- 
ing upward.  The  lower  slide  is  fastened  at  any  point  by  a  clamp 
whose  screw  is  seen  to  the  left  in  the  figure.  This  determines  the 
range  of  movement  of  the  upper  slide. 

The  upper  slide  can  make  contact  at  either  extreme  of  its  move- 
ment. One  wire  is  always  carried  to  the  binding-post  on  the  mov- 
able slide.  To  have  a  break-circuit  record  with  a  flexion  movement, 
the  other  wire  is  carried  to  the  top  binding-post  ;  the  thumb  and 


Fig.  m. 

finger  are  held  apart  at  any  desired  distance  ;  at  the  least  movement 
of  the  finger  the  current  is  broken.  Fur  a  break-circuit  record  with 
extensor  movement  the  other  wire  is  carried  to  the  post  in  the  fixed 
slide  ;  the  finger  is  bent  till  the  slides  touch.  For  make-circuit 
records  the  lower  contact  is  used  with  the  extended  finger,  the  upper 
with  the  bent  finger.  As  the  excursion  can  be  made  very  small  by 
adjustment  of  the  lower  slide,  the  lost  time  for  make-records  can 
be  reduced  to  a  minimum. 

No  spring  for  holding  the  contacts  is  needed.  The  movable  sli<lc 
is  brought  into  position  by  the  finger  and  will  retain  its  contact 
without  pressure  until  disturbed. 

AVhile  using  this  key  in  an  exercise  on  the  rapidity  of  tapping 
movements  of  the  finger  Ave  found  that  we  had  the  means  at  hand 
of  making  new  investigations  on  the  time  and  extent  of  voluntary 
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movement.  All  previous  work  in  recording  taps  had  boon  done 
with  an  ordinary  telegraph-key  by  which  only  the  moment  of  the 
extremity  of  the  downward  movement  was  recorded.  By  simply 
connecting  the  binding-posts  of  the  cross-piece  and  the  fixed  slide  to 
one  end  of  the  circuit  and  the  post  of  the  movable  slide  to  the  other, 
a  record  was  made  of  the  downward  extreme,  the  upward  extreme 
and  the  period  of  rest  at  each  extreme.  .Moreover,  the  adjustment 
of  the  fixed  slide  gave  any  desired  extent  for  the  movement. 

Tlu' method  of  recording  was  that  described  by  Bliss  on  pages 
T-Ki.  The  key  was  placed  in  the  primary  circuit  of  the  spark-coil 
and  the  secondary  circuit  was  sent  through  the  drum  and  fork.  A 
500  fork  was  used,  each  halt-wave  indicating  la.  A  spark-record 
was  made  of  the  kind  shown  in  tig.  6.  Records  were  counted  in 
thousandths,  no  account  being  taken  of  fractions  of  a  half-wave. 

The  Bubject  of  experiment,  J.  M.  Moore,  was  placed  in  the  isolated 
room  described  on  pages  2  and  71.  The  arm  rested  easily  on  a  table 
of  convenient  height.  A  rod  clamped  to  the  table  acted  as  a  sup- 
port for  the  hand.  The  rod  was  grasped  by  the  fourth  and  fifth 
fingers,  wherebv  the  motion  of  other  muscles  than  those  of  the  fore 
tinner  and  thumb  was  in  the  main  prevented.  Three  distances  were 
chosen  through  which  the  slide  was  to  move,  namely,  5""",  10mm  and 
20""n.  Two  series  of  experiments  were  made  on  each  distance. 
The  result-  were  combined  into  the  accompanying  table. 


TABLE. 


Distance 

E 

MV 

F 

MV 

C 

MV 

n 

5  mm 

33 

4 

48 

8 

81 

9 

70 

20mm 

40 

5 

48 

9 

88 

9 

60 

40 

53 

4 

37 

5 

90 

5 

In  this  table  E  indicates  the  average  time  of  the  extensor  move- 
ment, F  thai  of  the  flexor  movement,  ('  that  of  the  complete 
movement,  MY  the  average  deviation  and  n  the  number  of  records 

in  each  case. 

With  the  distance  of  5mm  the  extensor  movement  required  less  time 
than  the  flexor  movement  and  was   much    more  regular.      With  10"1' 


JVeio  reaction-key  and  voluntary  movement.  91 

there  was  a  similar,  but  smaller  difference  ;  the  limits  of  average 
deviation  show  that  in  many  cases  the  slower  extensor  movements 
took  longer  than  the  faster  flexor  movement.  With  20mm  the  flexor 
movement  was  much  more  rapid  than  the  extensor  movement.  It  is 
evident  that  the  point  at  which  they  require  the  same  time  lies  some- 
what above  10ram. 

These  results  can  perhaps  be  explained  in  the  following  way. 
When  the  key  was  in  position  the  middle  finger  was  placed  on  the 
upper  cross-piece  while  the  fixed  slide  was  held  by  the  thumb. 
So  whatever  the  distance,  the  fore-finger  was  always  brought  back 
to  the  same  bent  position.  Now,  when  the  distance  is  very  small  the 
finger  is  never  fully  extended  ;  thus  the  extensor  muscle  has  abun- 
dant leverage  to  do  a  little  work  in  a  very  short  time,  while  the 
flexor  is  not  so  favored.  As  the  distance  increases  the  flexor  slowly 
gains  its  power — slowly,  because  it  had  never  been  bent  enough  to 
obstruct  its  movement  materially.  But  while  the  flexor  is  slowly 
increasing  in  strength,  the  extensor  is  losing  quite  rapidly,  for  only  a 
few  centimeters  will  fully  extend  the  finger  so  that  its  whole  poAver 
will  be  lost.  When  the  distance  is  10mm  the  two  powers  are  nearly 
equal,  but  with  the  excess  in  favor  of  the  extensor.  At  20rara  the 
balance  of  power  has  changed,  and  the  extensor  is  so  near  the  end  of 
its  strength  as  to  show  clearly  in  the  results. 

A  curious  result  of  the  gain  in  one  muscle  and  the  loss  in  the  other 
is  the  fact  that  the  total  time  of  vibration,  or  tapping,  varies  only 
about  10  per  cent,  for  distances  standing  in  the  relation  of  1  to  4. 

The  time  of  rest  was  quite  different  at  the  two  positions.  At  the 
end  of  the  extensor  movement  the  make-spark  and  the  break-spark 
indicated  a  period  of  2CT  to  3ff,  occasionally  4ff.  At  the  end  of  the 
flexor  movement  the  time  of  rest  was  so  short  that  seldom  more  than 
one  spark  was  present,  indicating  a  time  too  short  for  detection. 

In  looking  over  the  single  records  it  was  found  that  the  time  of 
movement  was  much  more  regular  than  the  introspective  observation 
had  indicated.  At  times  the  observer  seemed  unable  to  move  the 
muscle  ;  some  unusually  long  times  are  found  in  the  record  but  not 
so  often  as  the  observer  supposed. 
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E.  W.  Scripture:  and  ( '.  8.  Lyman. 

"The  ignorance  of  tin-  ancients  in  regard  to  the  art  of  experi- 
menting, "i-  the  l"\\  state  of  development  which  it  reached  with 
them,  is  one  of  the  caus<  -  why  their  physics  lagged  so  much 
behind,"  says  Poggendorff  in  his  Lectures  on  the  History  of  Physics. 
In  comparison  with  such  sciences  as  mathematics  and  astronomy 
physics  has  achieved  most  of  its  progress  in  modern  times.  In  the 
very  latesl  times  the  experimental  methods  have  been  carried  over 
from  the  general  science  of  physics  to  the  technical  sciences  depen- 
dent on  it;  the  science  of  electrical  engineering  is  built  on  experi- 
ments ami  measurements,  partly  taken  from  the  physical  labora- 
tories hut  also  to  a  great  extent  carried  out  by  practical  men  for 
practical  purposes. 

In  psychology  the  first  real  progress  since  Aristotle  began  when 
Fechner  showed  the  possibility  of  experimental  methods.  "With 
the  introduction  of  experiment,  the  trustworthy  application  of  the 
method  of  introspection  became  for  the  first  time  possible"  (Wuxdt, 
Physiol.  Psy.,  4  ed.,  I  4).  Psychology  to-day  is  a  science  of  experi- 
ment and  measurement.  The  time  seems  at  hand  when  applied 
psychology  should  also  become  an  exact  and  trustworthy  science. 
Pedagogy,  or  the  science  of  education,  is  in  great  extent  based  on 
psychology.  It  will  not,  however,  do  to  wait  for  the  crumbs  that 
fall  from  the  psychologist's  table;  he  is  thinking  of  other  matters 
than  practical  applications.  Pedagogy,  moreover,  has  its  own  pecu- 
liar problems  which  must  be  solved  in  special  ways.  <  an  pedagogy 
make  use  of  experiments  in  solving  any  of  its  problems  ? 

We  have  chosen  such  a  simple  matter  as  the  drawing  of  a  straight 
line  ami  have  tried  to  gain  information  on  the  subject  by  making 
experiments.  The  main  object  was  to  see  if  we  could  really  experi- 
ment on  a  pedagogical  subject;  at  the  same  time  we  hoped  to  make 
a  contribution  to  our  knowledge  of  methods  of  drawing.  No  wide 
generalizations  have  been  attempted;  we  have  gathered  u  few  facts 
and     drawn     the    proximate    conclusions     from     them.       We    firmly 
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believe,  however,  that  not  only  can  other  questions  that  arise  in 
regard  to  drawing  be  settled  by  experiments  conducted  in  the  proper 
way,  but  also  that  the  same  method  can  be  extended  with  little 
difficulty  to  innumerable  questions  that  arise  in  education. 

Ten  boys  of  the  upper  grammar  grade  of  the  school  of  Manchester, 
Conn.,  were  chosen  so  as  to  be  of  as  nearly  the  same  age  as  possible, 
the  average  age  being  13  yrs.  3  mos.  They  had  had  some  instruc- 
tion in  drawing  throughout  the  various  grades,  but  not  to  such  an 
extent  as  in  the  city  schools  ;  some  of  them  from  the  country  dis- 
tricts had  had  very  little. 

The  boys  all  sat  at  their  desks  in  just  the  same  positions.  A  sheet 
of  paper  7  in.  long  by  4  in.  wide  was  placed  before  each.  In  the 
middle  of  the  sheet  were  two  dots  100"1'1'  apart  lengthwise  of  the 
paper.  At  a  given  signal  each  boy  drew  a  straight  line  between  the 
dots.  Afterwards  a  ruler  was  laid  on  each  sheel  so  that  its  edge 
cut  the  dots.  With  a  pair  of  dividers  the  greatest  deviation  of  the 
line  drawn  from  the  true  straight  line  was  found.  The  dividers 
were  then  applied  to  a  scale  and  the  results  recorded  in  millimeters, 
the  tenths  of  a  millimeter  being  estimated.  The  additional  figure 
was  retained  in  the  averages,  the  last  significant  figure,  however,  is 
tenths  of  a  millimeter. 

The  experiments  were  performed  under  certain  sets  of  conditions. 
In  the  first  sets  the  boys  >at  squarely  in  front  of  the  desk,  holding 
the  pencils  in  the  usual  way  grasped  near  the  middle.  The  line  was 
drawn  with  a  single  movement  of  the  pencil,  without  going  over  it 
a  second  time  or  erasing.  The  first  line  drawn  was  horizontal,  i.  e. 
parallel  to  the  front  surface  of  the  body.  On  the  second  set  of 
papers  the  line  drawn  was  vertical,  the  other  conditions  remaining 
the  same.  In  the  third  set  the  line  was  45°  to  the  right,  in  the 
fourth  45°  to  the  left.     The  positions  of  these   lines  can  be  thus 


shown:   0°  "^T"  270°  ||    45°  ^  325°  V.      The    arrows   indicate 
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the  direction  of  movement  of  the  pencil.  In  calculating  the  devia- 
tions, or  errors,  those  deviations  toward  an  excess  of  the  angle  were 
called  +,  those  toward  the  primary  position  of  the  line  — ;  in  the 
table  the  corresponding  terms,  over,  under,  to  the  right  and  to  the 
left  are  added.  The  total  error  2  is  the  difference  between  the 
maximum  +  deviation  and  the  maximum  —  deviation,  i.  e.  the 
amount  of  the  +  deviation  added  to  the  amount  of  the  —  deviation. 
It  is  not  the  distance  between  the  extremes  of  the  deviations  of  the 
same  line. 
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In    further  sets  of   experiments   the   position  of    the   boys    was 
changed,  the  right  >i«li-  being  placed  toward  the  desk.     Still  other 


T  \BLE. 


Varied  condition 

+ 
over 

(i 

unil'r 

V 

1.96 

+ 

lrft 

0.75 
2.22 
2.06 
1.66 
0.96 
1.16 
1.16 
1.42 

45° 

right 

v 

+ 

right 

1.24 

270° 

left 

0.51 

2 
1.75 

325° 

+       — 

right    left 

2 

Facing,  mid  grip, 
steady 

0.86 
1.10 
0.56 
0.53 
1.24 
1.33 
1.40 
1.00 

1.10 

1.61  2.36 
0.43  2.65 

1.16 

2.36  3.52 
1.64  2.70 
1".  2.51 
1.67  2.97 

Eight   side,    mid 
grip,  stead;* 

0.51  1.61 

1.41 

0.94 
1.20 
0.63 

2.35  1.06 

Facing,  near  grip, 
Bteady 

1.43 
1.12 
0.94 
0.79 
L.15 
1.01 

1.99 
1.65 
2.18 
2.12 
2.55 
2.01 

0.76 
0.31 
1.45 

2.S2 
1.97 
2.41 

0.83 
1.14 

2.03  0.76 

l.;?  i.30 

Facing,  far  grip, 
Bteady 

Facing,  mid  grip, 
progressive 

Facing,  near  grip, 
progressive 

1.03  2.19 

Facing,   far  grip, 

progressive 

1.07  2.23 

1.86 

2.93 

Average 

0.95  2.37 

1.16 

0.82 

1.98  1.07 

sets  were  the  same  as  the  first  excepting  the  grip,  the  pencil  being 
held  near  the  point.  In  the  next  sets  the  pencil  was  held  far  from 
the  point,  otherwise  the  conditions  were  the  same  as  in  the  first  set. 
In  the  next  three  sets  the  lines  were  drawn  by  progressive  move- 
ment- instead  of  ;i  steady  movement.  Two  inclinations  were  chosen, 
0°  ami  45".  The  firsl  Sel  was  done  with  the  middle  grip  of  the 
pencil,  the  second  with  the  near  grip,  the  third  with  the  far  grip. 

Some  experiments  were  tried  with  other  positions  than  those  of 
facing  and  righl  side,  but  the  positions  were  so  awkward  that  no 
results  worth  tabulating  were  obtained. 

From  the  results  given  in  the  table  we  can  draw  a  number  of  con- 
clusions. The  facing  position  is  more  favorable  for  horizontal 
(1.96)  and  vertical  lines  (  L.75)  than  it  is  for  inclined  lines  (2.36,  3.52). 
The  right-side  position  i-  also  more  favorable  for  horizontal  (1.61) 
and  vertical  (2.35)  than  for  45°  (2.65)  and  325°  (2.70).  This  is  what 
we  might  expect  as  a  result  of   Listing's  law  according  to  which  the 
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eye  moves  more  easily  upward,  downward,  right  and  left  (i.  e.  ver- 
tically and  horizontally),  than  in  intermediate  positions. 

In  drawing-  horizontal  lines  and  325°  lines  the  right-side  position 
is  more  favorable  than  the  facing  position;  for  the  others  facing  is 
preferable.  This  is  perhaps  to  be  explained  by  the  fact  that  the 
fore  arm  swings  around  the  elbow  in  a  curve  which  in  order  to  pro- 
duce a  straight  line  must  be  compensated  by  a  backward  and  for- 
ward movement  of  the  upper  arm  around  the  shoulder.  In  the 
facing  position  with  the  paper  directly  in  front  the  fore  arm  touches 
the  body  at  the  start  and  the  hand  is  bent  at  the  wrist.  As  the  arm 
moves,  it  becomes  freer  and  a  more  natural  position  is  assumed. 
This  change  in  the  manner  of  carrying  the  arm  would  tend  to  intro- 
duce uncertainty  into  its  movements.  With  the  arm  raised  upon  the 
desk  in  the  right-side  position  it  is  brought  clear  of  the  body,  and 
the  line  can  be  executed  in  one  sweep.  In  drawing  the  45°  line  the 
arm  is  just  as  free  in  the  facing  as  in  the  right-side  position  and  we 
find  little  difference  in  the  results.  In  drawing  the  vertical  line  Ave 
would  naturally  expect  much  greater  accuracy  when  the  motion  is  a 
simple  forward  or  backward  movement  of  the  arm  around  the 
shoulder,  as  in  the  facing  position,  than  when  the  arm  has  to  undergo 
complicated  adjustment  with  the  elbow  raised.  Why  there  should 
be  a  difference  with  the  325°  line  it  seems  impossible  to  say.  Both 
positions,  facing  and  right  side,  are  on  the  whole  equally  favorable 
for  accuracy,  as  can  be  seen  by  taking  the  average  of  the  total  errors, 
2,  2.40  for  facing,  2.33  for  right-side. 

Holding  the  pencil  far  from  the  point  is  in  general  the  most  accu- 
rate method  (average  of  2:  2.09);  near  the  point  is  as  accurate  as 
the  middle  grip  (2.4o).  With  the  pencil  far  from  the  point  the 
line  is  drawn  with  a  smaller  movement  of  the  hand,  which  would 
give  a  better  result  than  a  larger  movement  requiring  adjustments 
from  elbow  and  shoulder.  For  horizontal  lines  the  far  grip  is  the 
most  accurate  (1.65  against  1.96,  1.99);  for  45°  the  same  is  true  (1.97 
against  2.3(3,  2.82);  for  vertical  lines  the  middle  and  the  far  grips 
are  the  same  (1.75,  1.77),  the  near  grip  is  unfavorable  (2.03);  for 
the  325°  line  the  near  grip  is  the  best  (2.51),  the  far  grip  is  next 
(2.97),  the  middle  grip  is  very  unfavorable  (3.52).  That  the  325° 
line  forms  an  exception  to  the  advantages  of  the  far  grip  and  is  much 
less  regular  than  the  others,  is  evidently  connected  with  the  awk- 
ward contraction  of  the  fingers  in  this  direction 

In  progressive  lines  experiments  were  made  only  on  0°  and  45°. 
With  the  middle  grip  the  result  is  less  accurate  for  both  horizontal 
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(2.18  against  L.96)  and  inclined  lines  (2.41  against  2.36)  than  for 
steady  Lines.  'Willi  the  near  grip  it  is  less  accurate  for  horizontal 
(2.12  againsl  L. 99)  but  more  accurate  for  inclined  lines  (2.19  against 
2.82).  With  the  far  grip  it  is  much  less  accurate  for  both  (2.55 
against  1.65;  2.23  againsl  L.97).  In  general  we  would  expect  a  pro- 
gressive line  produced  by  complicated  movements  to  be  less  accurate 
than  a  steady  line.  This  is  the  case  except  in  the  inclined  line  with 
near  grip;    for  this  exception  we  are  unable  to  find  any  reason. 

When  we  compare  the  two  kinds  of  errors  +  and  —  we  find  that 
for  o  they  are  in  general  equal  (1.00  to  1.01).  In  the  facing  posi- 
tion with  the  steady  line  the  —  error  is  larger,  the  +  errors  being 
0.86,0.56,  0.53,  the  —  errors  being  1.10,  1.43,  1.12.  With  the  pro- 
gressive  line  the  reverse  is  tin-  case:  -f  errors  1.24,  1.33,  1.40;  — 
errors  0.94,  0.79,  1.15.  In  general  the  facing  position  y-ives  a  ten- 
dency to  —  errors,  the  right-side  position  to  +  errors. 

With  the  45°  lines  the  general  tendency  is  to  +  errors  (1.42 
against  0.95).  This  is  to  be  expected  as  the  45°  line  is  an  arc  drawn 
by  the  forearm  with  a  correction  introduced  by  the  upper  arm  ; 
when  we  try  to  draw  two  arcs  of  a  circle  instead  of  the  straight  line 

we  generally  make  the     /->        arc  too  curved  and  the    yp       too 

flat.  With  progressive  lines  the  tendency  is  for  some  reason  just 
the  reverse  hut  is  in  general  much  less.  In  the  right-side  position 
there  iv  an  overwhelming  tendency  to  +  errors  (2.22  against  0.43). 

With  the  27<>°  lines  the  general  tendency  is  to  +  errors.  The 
middle  grip  and    the  far  grip  give  -+-  errors,  the  near  grip  —  error-. 

W  ith  the  325°  lines  the  —  errors  predominate  in  almost  every 
case. 

It  is  interesting  to  note  which  inclinations  give  on  the  whole  the 
most  accurate  lines.  By  comparing  the  values  for  2  we  find  that 
the  most  accurately  drawn  line  is  the  270°  or  downward  vertical  line 
and  the  hast  accurately  drawn  the  325°  or  left   inclined  line. 

The  reasons  for  many  of  these  facts  are  still  greatly  matters  of 
conjecture  to  I,.-  settled  only  by  careful  investigation  of  the  action 
of  tin-  separate  muscles  of  the  arm  and  eye  in  each  case. 
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In  starting  the  Yale  laboratory  it  was  deemed  best  to  provide 
ample  facilities  for  the  repair  and  construction  of  apparatus  by 
establishing  a  serviceable  workshop-equipment.  In  addition  to  the 
large  amount  of  work  done  for  the  investigators  of  special  problems, 
several  pieces  of  apparatus  of  general  use  were  invented  and  manu- 
factured. Some  of  these,  the  multiple  key  (first  model),  the  reaction- 
key  and  the  switch-board  have  been  described  in  the  preceding 
pages.  There  are,  however,  three  others  that  are  deserving  of 
mention. 

In  the  first  model  of  the  multiple  key,  the  two  levers  were  hung 
on  different  axles;  consequently  the  arcs  described  by  the  contact- 
points  were  not  concentric.  For  most  purposes  this  made  little  or  no 
difference.  For  two  of  the  numerous  uses  of  tl^e  key  it  appeared 
(piite  desirable  to  avoid  this  difference  of  centers.  In  the  first  place 
it  is  geometrically  evident  that  in  using  the  contact  E-U  (fig.  11) 
the  upper  point  will  slide  sideways  slightly  as  the  key  is  depressed. 
This  makes  slight  variations  in  the  resistance  to  the  current  passing 
through  the  points.  These  variations  are  not  noticeable  except  in  a 
telephone-circuit ;  there  the  result  is  to  produce  a  grating  noise  in 
addition  to  the  tone  or  noise  sent  through  the  telephone.  The  other 
objection  is  a  somewhat  similar  one  in  regard  to  the  contact  D-S-T. 
The  point  T  slides  along  the  spring  S  and  causes  variations  in  the 
strength  of  the  current. 

To  remove  these  objections  a  new  key  was  built  in  which  the 
lower  lever  works  around  the  same  axis  as  the  upper  one,  so  that 
any  point  of  the  upper  lever  striking  the  lower  one  will  always 
touch  it  at  the  same  place,  no  matter  how  far  it  is  moved. 

The  new  key  is  shown  in  fig.  31.  The  lower  lever  has  two  project- 
ing arms  that  are  hung  on  the  axle  of  the  upper  lever.  There  is  no 
necessity  for  the  spring  S  (fig.  11)  in  the  first  key  ;  consequently 
both  contacts  7  and  3  are  alike.  Experience  having  shown  the 
mercury  cup  to  be  better  than  the  contact  N-R  of  the  first  key,  the 
latter  has  been  omitted.  Figures  opposite  the  various  contacts  in- 
dicate the  binding-posts  to  which  they  are  connected. 
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The  vital  point  in  the  construction  of  the  key  is  the  concentricity 
of  the  levers.  In  the  one  already  made  for  Clark  Universitj  this 
has  been  carried  out  so  well  that  both  sets  of  contacts  7-8  and  .'3-4 


Fig.  81. 


can  be  adjusted  to  strike  at  the  same  time  and  maintain  their  con- 
tact through  an  arc  of  10°.  The  rubbing  of  the  upper  contact 
against  the  lower  one,  av  tested  by  the  telephone,  has  been  totally 
eliminated  for  7-8  throughout  the  arc  and  for  3-4  throughout  a 
somewhat  smaller  one. 

Another  piece  oi  apparatus  constructed  is  a  pendulum-contact. 

Those  who  have  used  mercury  contacts  for  clock-pendulums  well 
know  the  continual  trouble  that  they  give  when  placed  in  the  center 
of  the  arc  of  swing  at  the  extremity  of  the  pendulum.  Relief  has 
been  sought  by  resorting  to  platinum  contacts  made  when  the  pen- 
dulum is  at  the  extremes  of  its  arc.  The  sources  of  error  in  this 
method  have  made  it  almost  inapplicable  in  scientific  work. 

After  wasting  considerable  time  and  money  in  these  two  ways,  a 
contact-apparatus  was  invented  which  made  platinum  contact  in  the 
middle  of  the  arc  of  swing.  In  this  way  the  advantages  of  solid 
contact  and  mid-arc  contact  were  gained  together. 

This  clock-contact  is  shown  in  fig.  32.  The  support  A  carries  the 
horizontal  metal  piece  B  with  the  binding-post  C.  The  rubber  block 
D,  fastened  to  B,  carries  the  metal  arm  E,  which  by  means  of  its 
axle  is  in  contact  with  the  binding-post  F.  At  the  end  of  E  there 
is  a  platinum  point  G  which  rest^  on  another  platinum  point  at  the 
end  of  the  -lew  H.  This  instrument  is  placed  on  the  floor  of  the 
clock  just  tar  enough  in  front  to  clear  the  pendulum.  A  fine  wire  I 
is  run  from  the  arm  E  to  a  pin  on  the  pendulum-arm  J.  If  II  is 
adjusted  so  that  the  platinum  points  just  touch  when  the  pendulum 
is  at  rest,  any  movement  will  break  the  circuit.  When  the  pendu- 
lum i-  >  winging,  contact  is  made  only  at  the  lowest  point  of  the  arc. 
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Owing  to  the  light  weight  of  the  parts  and  the  smallness  of   the 
movement,  the  friction  is  exceedingly  small. 


*— UTT 


Fig.  32. 

The  third  instrument  to  be  described  is  a  new  chronograph.  The 
electric  drum  mentioned  by  Bliss  on  p.  9  was  a  temporary  arrange- 
ment which  did  such  excellent  service  that  the  construction  of  a 
thoroughly  durable  apparatus  was  decided  upon. 

The  drums  used  for  physiological  work,  such  as  the  Baltzar 
kymograph,  are  made  to  run  at  slow  rates  of  speed.  Those  used  for 
physical  purposes,  such  as  the  Konig  drum,  are  not  made  for  con- 
tinuous running.  For  psychological  work  there  is  need  of  a  very 
rapid  drum  running  continuously  as  long  as  desired.  In  the  Wuxdt1 
chronograph  a  high  rate  of  speed  is  obtained  by  using  clockwork  as 
the  motor  power.  Such  an  arrangement  is  very  expensive  and  is 
unsatisfactory  in  several  ways. 

The  drum  shown  in  fig.  33  is  either  a  hand-drum  or  an  electric 
drum.  The  cast-iron  base  is  supported  on  three  fixed  and  one 
adjustable  leg.      The  drum   itself   runs   on  hardened   steel   centers 

1  Phys.  Psych.  3  ed.  II  279. 


inn  Sornt  in  w  psychological  apparatus. 

held  by  two  uprights  bolted  to  the  base.  When  the  drum  is  to  be 
turned  by  hand,  a  Large  wheel  is  placed  on  the  axle  as  shown  in  the 
figure     With  thi^  weight  the  drum   will  run  several  minutes  with 


Fig.  33. 

one  impulse  of  the  hand.  When  an  electric  motor  is  to  be  used,  the 
wheel  is  removed  and  a  pulley  is  placed  on  the  axle.  The  motor 
is  f.iMriird  to  the  base  by  a  slide  and  bolt. 

The  carriage  for  the  time-marker  is  mounted  on  rails  planed  like 
those  of  a  lathe-rest.  Rigidity  is  attained  by  the  conical  support 
for  the  rod. 
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ON  MEAN  VALUES  FOR  DIRECT  MEASUREMENTS, 

BY 

E.  W.  Scripture. 


Sources  of  error. 

In  making  measurements  we  are  subject  to  errors  which  can  be 
classed  as:  1.  errors  of  scale,  2.  errors  of  observation,  3.  errors  of 
definition,  4.  errors  of  number,  5.  errors  of  calculation. 

1.  Errors  of  scale.  Since  the  divisions  of  the  standard  used  in 
measuring  come  into  consideration,  it  must  be  determined  on  every 
occasion  what  aliquot  portion  of  the  unit,  or  what  ultimate  sub- 
unit  shall  or  can  be  finally  considered.  Let  this  sub-unit  be  r. 
On  the  axis  of  AT  (fig.  1)  let  the  value  of  the  quantity  measured  be 

P        P  P        P       P 


0 


P 

a  r 


Fig.  1. 
at  Pwhen  expressed  with  infinite  accuracy.  Let  the  sub-unit  be 
applied  in  succession  from  0,  producing  a  series  of  points  P^  P2, 
.  .  .,  Pm_u  Pm,  Pm+).  If  Pm  is  the  nearest  point  to  P,  the 
number  mr  is  noted  as  the  value  of  P.  The  measurement  thus 
consists  not  in  giving  the  absolutely  true  value  of  P  but  in  noting 
the  nearest  mark  of  the  measuring  instrument.  The  error  of  scale 
P—Pm  in   any  particular  case  cannot  be  known,  as  all  the  points 

between  Q  and  P  will  be  denoted  by  the  same  result.     It  is  usually 

v  v 

assumed   that   results    between     Q=  Pm+  -    and    P  =  Pm—-     are 

Z  Z 

equally  probable  and  that  in  the  long  run  the  result  Pm  —  mr  will 

differ  but  little  from  P. 

r  t 

The  assumption  of  equal  probability  for  an  error  of  +-  and  —-is 

z  z 

not  strictly  correct.     Particularly  wrong  is  the  further  assumption 

r                 r 
that  all  values  between    -f  -  and are  equally  probable. 

If  all  other  sources  of  error  be  made  negligible,  i.  e.  if  the  errors 
of  observation  and  of  definition  be  made  sufficiently  small,  the  re- 
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suiting  value  /Van  be  determined  in  each  case  with  an  approxima- 
tion bo  close  thai  it  can  be  regarded,  comparatively,  as  the  true 
value.  The  scale-readings  for  a  set  of  results  can  then  be  compared 
with  the  "true"  values.     Thus  a  series  of  differences 

j>v_p--xr.    py_j>  —  V-  P(»>_ p  —  V 

are  obtained,  which  can  be  called  the  errors  of  scale. 

The  real  values  of  the  measurements  are  thus  distributed  over  a 
region  /'•  __/>">  for  which  one  value  Pm  is  read  as  a  representa- 
tive. It  thus  becomes  a  question  how  well  Pm  represents  the  true 
values. 

The  influences  that  affect  the  error  of  scale,  whereby  the  actual 
reading  may  be  too  great  or  too  small,  may  be  said  to  be  of  two 
kinds  :   1.  instrumental,  2.  psychological. 

An  example  of  the  former  may  he  seen  in  all  instruments  in  which 
the  reading  depends  on  a  bar  dropped  into  the  teeth  of  a  rack,  as  in 
the  Hipp  chronoscope.  If  the  edges  of  the  bar  and  of  the  teeth 
were  infinitely  sharp,  the  bar  would  (other  sources  of  error  supposed 
absent)  drop  and  slide  down  just  as  often  on  one  side  of  a  tooth  as 
the  other.  If,  however,  the  edges  are  rounded,  as  they  must  eventu- 
ally become  by  wear,  the  inertia  of  the  body  in  motion,  whether  the 
bar  or  the  rack,  will  cany  the  bar  constantly  to  one  side  whenever 
it  strikes  on  the  rounded  edge.  Thus  in  the  Hipp  chronoscope  the 
readings  are  all  slightly  too  large.  A  reading  of  ma  is  supposed  to 
represent  all  values  between  (m  +  \)n  and  (m  — f)ff  whereas  in  an  old 
instrument  iiir'  may  be  the  reading  possibly  for  (m  +  \y  to  (m— f)ff. 

An  example  of  the  latter  is  found  in  the  familiar  case  of  reading 
in  tenths  of  the  index-unit  on  a  graduated  scale,  as  in  getting  thou- 
sandths of  a  second  from  a  tuning-fork  curve  in  hundredths.  A 
large  portion  of  the  work  on  the  least  perceptible  difference  might 
be  used  to  determine  the  law  of  frequency  for  the  error  of  scale. 

r                r 
The  assumption  of  equal  probability  for  an  error  of   +-   and 

is  nol    strictly  correct,   as  the   law  of  probability  followed  by  the 
measurements   in   general    will   be  followed   here   also.     It  has  been 
proven,  however,  that  the  error  introduced  by   the  assumption  is  of 
the  second  order  of  smallness  as  compared  with  the  error  of  scale.1 
2.  Errors  of  observation.     In  making  measurements  the  error  of 


1  Lkhmakn-Fii.mk>.  Ueber  AusgUichung  abgerundeter  Beobacht,ungen,  Astr.   Nachr., 
1880  CXX  305. 

I'izz; :  in.   Sui   '"  I  TUorie  des  observations  arrondies,  Astr.  Nachr,  1890  CXXIV  33. 
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scale  can  be  made  so  small  as  to  be  negligible  in  comparison  with 
all  other  sources  of  error.  The  measurements  xv  x.2,  .  .  .,  xn 
can  be  considered  as  having  been  recorded  with  practically  perfect 
accuracy.  They  will  disagree  owing  to  sources  of  error  thus  classi- 
fied by  Lambert:1  inaccuracy  of  the  instruments,  lack  of  care  of 
the  observer,  dullness  of  the  senses,  and  circumstances  of  the  obser- 
vation. The  errors  of  observation  resulting  herefrom  falsify  the 
separate  measurements.  As  these  sources  of  error  are  made  smaller 
the  values  of  x  differ  less  from  one  another  and  we  can  suppose  that 
they  would  ultimately  tend  toward  a  value  A'which  is  usually  called 
the  true  value  of  x.  If  we  could  know  this  true  value,  the  separate 
errors  of  observation  would  be  given  by 

V=x-X;    Fa=a;a-X;     .     .     .;    Vn=xn-X. 

As  we  cannot  know  A"  we  cannot  know  the  values  of  V.  If  we  take 
some  representative  value  R,  we  obtain 

v1=x1—  R  ;  v2=x^  —  R  ;     .     .     .;  vn=xn— R. 

The  best  we  can  do  is  to  determine  that  the  value  R  shall  not  differ 
from  X  by  more  than  a  given  amount.  This  is  the  problem  of 
adjustment  of  measurements  as  it  is  usually  proposed  in  works  on 
physical  measurements. 

3.  Errors  of  definition.  When  the  errors  of  scale  and  of  observa- 
tion are  made  so  small  as  to  be  entirely  negligible,  the  results 
aij,  »'„,  .  .  .,  xn  will  be  practically  true  as  far  as  these  errors 
are  concerned.  They  will  still  not  agree  owing  to  the  infinite  num- 
ber of  factors  entering  into  the  definition  of  the  quantity.  Xo  mat- 
ter how  carefully  we  define  it,  we  can  never  make  it  absolutely 
complete. 

Let  the  quantity  measured  be  the  height  of  the  American  soldier. 
The  object  is  already  limited  to  a  nation,  a  sex,  a  class  and  a  range 
of  ages.  Let  the  unit  of  scale  be  0.001"1  and  the  method  of  meas- 
urement  be  a  blunt  point  descending  on  an  arm  supported  without 
shake  by  a  rigid  vertical  bar.  The  recorded  heights  will  extend 
over  a  range  of  0.60m.  The  height  of  the  American  soldier  is  thus 
uncertain  to  that  amount. 

Let  the  quantity  be  further  limited  to  a  given  age,  say  30  yrs.,  and 
a  given  nativity,  say  Massachusetts  ;  this  may  render  the  result  defin- 
ite to  0.30m.  Let  it  be  further  confined  to  a  given  company  of  a 
given  Massachusetts  regiment  at  a  given  day.  The  result  might 
well  be  uncertain  to  0.15m. 


1  Lambert,  Theorie  d.  Zuverldssigkeit  d.  Beobachtungen  u.  Versuche,  Beytrage  z.  Gebr. 
d.  Math.,  I  424. 
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These  limitations  arc  still  indefinite.  As  the  ago  may  range  over 
12  months  and  the  constituency  of  the  company  might  change,  let 
tin-  measurement  l>r  limited  to  a  given  individual,  and  let  10  meas- 
urements he  made  in  the  manner  prescribed.  The  results  will  depend 
on  the  altitude  and  inclination  of  the  head.  Even  if  these  be  defined 
as  the  extreme  height  while  standing  on  the  heels,  the  individual 
will,  owing  to  practice  and  to  fatigue,  never  stand  twice  alike.  Let 
the  required  height  he  the  maximum  attainable  under  any  conditions  ; 
the  results  will  vary  unless  the  occasion  be  fixed  at  a  given  time. 
Although  the  subject  has  never  been  investigated,  the  varying  atmos- 
pheric conditions  during  the  day  undoubtedly  affect  the  activity  of 
the  nervous  system  and  thus  the  tension  of  the  muscles  maintain- 
ing the  upright  position.  Even  when  limited  to  a  definite  occasion 
the  results  will  vary  unless  the  pressure  of  the  point  on  the  skin  be 
defined.  Here,  however,  the  limits  of  accuracy  of  the  proposed 
method  of  observation  will  be  reached  ;  there  will  probably  be  no 
changes  comparable  to  the  inaccuracy  of  the  observer's  eye  in  ad- 
justing the  point.  A  finer  method  with  multiplying  levers  and  air- 
transmission  by  Marey  capsules  will  reveal  continual,  though  minute, 
fluctuations.  The  error  of  definition  could  in  this  manner  be  reduced 
probably  to  0.0001m  by  taking  the  height  thus  indicated  at  a  given 
instant.  With  still  finer  methods  familiar  to  physicists  the  instant 
of  time  would  necessarily  be  more  closely  defined.  Enough,  how- 
ever, has  been  said  to  show  that  owing  to  the  impossibility  of  defin- 
ing with  infinite  accuracy  the  quantity  measured,  the  true  value  of 
the  quantity  is  to  be  considered  as  that  which  is  obtained  with  an 
accuracy  sufficient  for  the  purpose  in  hand  ;  whether  it  be  a  general 
figure  by  which  to  compare  the  American  with  the  French  soldier, 
by  which  to  compare  those  from  the  different  states,  by  which  to 
designate  a  particular  individual,  or  by  which  to  determine  the  indi- 
vidual's change  at  each  instant. 

Let  it  be  required  to  determine  the  reaction-time  of  a  given  indi- 
vidual on  a  given  occasion  to  a  given  stimulus  of  a  given  intensity. 
Let  the  external  conditions  be  further  defined  by  perfect  quietness 
and  perfect  darkness  ;  let  the  air-supply  be  of  a  given  quality,  the 
pulse-rate  of  a  given  frequency,  etc.  Let  the  method  of  recording 
be  accurate  to  \°,  i.  e.  the  error  of  observation  shall  be  less  than  that 
amount.  Even  under  these  circumstances  the  results  will  vary  owing 
to  the  continually  changing  subjective  conditions  of  attention, 
fatigue,  etc.,  which  are  still  beyond  control.  It  is  only  in  excep- 
tional cases  that  the  disagreement  can  be  reduced  below  an  average 
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of  lO'7.  As  the  methods  of  psychology  are  perfected  we  shall  be 
able  to  define  and  control  each  of  the  subjective  conditions  influenc- 
ing the  time,  until  we  can  define  the  reaction-time  so  that  it  shall  not 
vary  to  the  extent  of  lff  under  the  given  conditions.1  Of  course, 
when  this  occurs  the  errors  of  recording  must  be  proportionately 
small. 

When  the  error  of  definition  is  negligible  in  comparison  with  the 
errors  of  observation  in  direct  measurements,  physicists  speak  of 
the  "  true  "  value  of  the  quantity  which  would  be  attainable  with  an 
infinitely  accurate  method  of  observation.  As  physicists  are  able  in 
many  fundamental  cases,  e.  g.  length,  time,  etc.,  to  define  more  accu- 
rately than  they  can  observe,  the  "  true  "  value  in  this  sense  is  often 
sharply  distinguished  from  an  average  value.  There  is  a  "  true " 
value  for  the  height  of  the  barometer  for  any  given  minute  because 
we  cannot  observe  finely  enough  to  detect  the  continuous  fluctuation. 

Enough  has  been  said,  I  think,  to  indicate  that  the  distinction 
sometimes  made  between  the  average  of  observations  and  the  mean 
of  a  series.of  quantities2  is  really  a  distinction  between  the  mean  of  a 
series  of  quantities  subject  to  variation  in  observation  and  the  mean 
of  a  series  of  quantities  subject  to  variation  in  definition.3 

4.  Errors  of  number.  The  result  of  a  measurement  is  recorded 
with  a  definite  number  of  decimal  places,  whereas  a  perfectly  true 
value  would  require  an  infinite  number.  The  possible  numerical 
error  of  any  result  recorded  to  a  places  is  0.5)8,  where  (3  is  1  unit  in 
the  a  place.  Owing  to  the  partial  cancellation  of  these  errors  in 
combining  measurements,  the  mean  numerical  error  in  the  a  place  is 
0.25/3. 

5.  Errors  of  calculation.  The  errors  caused  by  mistakes  in  read- 
ing scale-numbers,  in  writing  them  down  and  in  performing  the  ne- 
cessary arithmetical  calculations  can  be  treated  by  the  principles  of 
probability.4  For  the  sake  of  simplicity  they  will  be  left  out  of  con- 
sideration hei-e. 

1  Scripture,  Accurate  work  in  psychology,  Am.  Jour.  Psych  ,  1894  VI  42". 

2  Quetelet,  Theorie  des  prob..  Lettre  XI.  Bruxellea  1846. 

Herschel,  Quetelet  on  probability*,  Edinburgh  Rev.,  1850  CLXXXV  1 ;  Essays, 
365(404),  Lond  1857;  also  in  Quetelet,  Physique  sociale  de  l'homme,  I  35,  Brux- 
elles  1869. 

Jevoxs,   Principles  of  Science,  2.  ed  ,  3G2,  Lond.  1887. 

3  Venn,  Logic  of  Chance.  2.  ed.,  96,  Lond.  1876. 

4  IIufmanx,  Ermittelung  der  Tragweiie  der  Neunerprobebei  Kenntniss  der  subj.Genauig- 
keit  des  Rechntnden,  7A.  f.  Math.  u.  Phys.,  1889  XXXIV  116. 

Emmerich.  Zwr  Neunerprobe,  Zt.  f.  Math.  u.  Phys.,  1889  XXXIV  320. 
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Owing   to    the    various   sources   of   error   the   measurements    xlt 

»,,  .  .  .,  .'•„  will  generally  disagree.  The  disagreeing  results  of 
the  measurements,  regarded  in  themselves,  are  actual  concrete 
matters  of  fact.  For  practical  reasons  these  values  are  replaced  hy 
one  value  deduced  from  them  on  some  given  principle.  The  proper 
selection  of  the  representative  value  requires  a  clear  conception  of 
the  purpose  for  which  it  is  to  be  used  and  of  the  method  of  deduc- 
tion. 

It  is  sometimes  desirable  to  choose  an  extreme  value  to  represent 
the  actual  ones,  e.  g.  the  highest  mast  to  be  allowed  for  in  building 
a  bridge,  the  smallest  difference  that  might  be  noticed,  the  largest 
variation  for  a  given  degree  of  probability;  but  for  the  purpose  here 
under  consideration  some  mean  value  is  desired  and  to  this  the  dis- 
cus-ion will  be  confined. 

Proposed  means. 

Means  have  been  proposed  on  four  principles:  1.  on  consideration 
of  the  properties  of  a  geometrical  or  material  figure  employed  in 
representing  the  results  and  their  probabilities;  2.  on  the  principles 
of  probability  a  priori ;  3.  on  the  possible  ways  of  practically 
calculating  means  ;  4.  on  certain  relations  of  the  powers  of  the 
variations. 

1.  General  analytical  or  geometrical  deduction.  If  we  denote  the 
number  of  occurrences  of  the  result  xk  by  mk,  where  &=l,  2,  .  .  .,  n, 
then  the  quotients 

m,      n>„  mn 

m'     m  '  "'    in  ' 

where  in  =  ml  +  m3  +  .  .  .  +  ni„,  will  denote  the  relative  fre- 
quencies of  aj,,  .'■„,  .  .  .,  xn  respectively.  These  frequencies  stand 
in  the  relation 

in t:  mt:  .     .     .:  mn. 

When  the  individuals  are  taken  at  random,  as  m  is  made  greater, 
the  quotients  tend  toward  definite  limits, 

<M-'',),  <M*a)>  •    •    •'  ^M, 

known  as  the  probabilities  of  xv  cc2,  .    .  .,  x„  respectively. 

a.  Selection  on  the  basis  of  y  —  <j>[x).  Let  the  given  values  be 
laid  off  on  the  axis  of  X  (fig.  2)  and  the  ordinates  yv  ys,  .     .     .,  yn, 
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be  erected  proportionately  to  <£(£,),  <f>(x„),  .     .     .,  <£(»•„).      For  con- 
tinuous values, 

y  =  4>{x)  (i) 

will  be  tbe  expression  for  the  curve  or  laAv  of  frequency  or  prob- 
ability. 


Fig.  -'. 


The  probability  of  any  value  x  may  be  regarded  as  the  probability 
of  a  value  falling  between  x  and  x  +  dx.  This  will  be  represented 
bv  the  area  inclosed  by  the  curve  over  the  base  dx  with  the  mean 
ordinate  <j>(x).     The  total  area  is 

Xn 

-.   H>(x)dx.  (2) 


w 


Since  the  probability  of  a  result  outside  of  the  given  limits  is  not 
0  but  is  infinitely  small,  it  is  justifiable  to  write 


W 


r  ' 

—  J  <f>(x)dx. 


(3) 


The  form  (2)  will,  however,  be  retained  here  as  the  extension  of  the 
limits  has  occasioned  some  misunderstanding.1 

Since   it   is    certain  that    all    values   are    included   between   —  go 
and  +  oo  , 

W  =  1.  (4) 

The   value    of    maximum    probability  is   the  abscissa  xh  of   the 
highest  point  of  the  curve.     It  is  found  by  putting 


<*M«0  _ 


<l.r 


=    0 


and  taking  that  one  of  the  resulting  values  for  which   d'<f>(x)/dxa  is 
negative. 

1  Cattell,  On  errors  of  observation,  Am.  Jour.  Psych.,  1893  V  287. 
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The  value  of  mean  area  xm  is  the  ahscissa  whose  ordinate  divides 
the  area  of  the  curve  into  two  equal  parts,  and  is  found  from 

J<f>(x)dx  =  f<j>(x)dx  =  £  TT  =  £.  (5) 

This  value  of  mean  area  was  called  by  Laplace1  the  value  of  middle 
probability.  For  the  sake  of  brevity  the  name  can  be  shortened 
into  "  middle  value." 

The  probabilities  <£(#,),  <£(•'•„),  •  •  ■>  £(«0  can  be  regarded  as 
parallel  forces  acting  on  the  points  .i\,  x„,  .  .  .,  xn  of  a  straight 
line.      The  centroid  or  mean  center  will  be  at 


*?  -    v^T  (6) 


2+(x) 

If  <£(#,),  <£(•''„),  •  •  .,  <£(■''„)  be  regarded  as  masses  at  the  points 
of  a  straight  line,  the  position  of  the  center  of  gravity  will  be 
expressed  by  the  same  equation. 

For  continuous  values, 


/• 


x<f>(x)dx 


xn 


A 


fjj(x)dx 

or,  on  account  of  (2)  and  (4), 

Xfi 

Xe=     tx<f>(x)dx.  (8) 

X, 

This  equation  also  represents  the  abscissa  of  the  center  of  gravity 
of  an  area  of  uniform  density  bounded  by  the  axis  of  JT  and  the 
curve  y  =  cf>(x). 

These  values  are  represented  in  fig.  2.  The  highest  point  of  the 
curve  is  at  h ;  its  ordinate  is  ,<•„.  The  ordinate  m,  xm  divides  the 
area  of  the  curve  into  halves.  The  mean  center  or  center  of  gravity 
is  on  £;  its  abscissa  is  xc. 

b.  Selection  on  the  basis  of  Y=f<f>(x)dx.  Starting  with  x,  on  the 
axis  of  A",  erect  the  ordinate  Fj  =  <£(#,).     At  x=x9,  erect  F^=<£(;e1)  + 

1  Lapi.,\'  i  .  Me  la  probability  des  causes  par  les  evenements,  Mem.  de  math, 

et  de  phys.  par  divers  savans,  Acad.  Paris,  1771  VI  621  (636). 
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<f>(xj;  at  xh  (k=l,  2,  .  .  .,  n)  erect  Yk=<f»(xi)  +  <f>(x2)  +  .  .  .  + 
<f>(xk).  The  unit  of  abscissa  is  here,  as  before,  dx,  and  just  as  in  the 
previous  case,  these  values  can  be  transformed  into  continuous  ones. 
Thus 


xk 


Y 


=  /  <f>(x)dx. 


(9) 


This  is  the  integral  curve  for  i/=<f>(x),  and  may  be  plotted  or  drawn 
directly  from  it.1 


*u        Xm       X<r 


Fig.  3. 
The  difference  between  the  ordinates  at  the  beginning  and  end  of 
the  curve  will  correspond  to  the  total  area  of  the  frequency  curve. 
Thus 

Xn 


Yn-  Y1=J<f>(x)dx=  W=l. 


Xi 


The  value  xm  whose  ordinate   Ym  is  halfway  between   Yl  and  Yn  is 
determined  by 


or 


Y  —  Y  =  Y  —  Y 


J  4> (x) dx  ==/ cf> (x) dx = i  W = L 


(10) 


This  value  xm  is  evidently  the  value  of  middle  probability  noted 
above. 

1  Abdaxk-Abakaxowicz,   Les  integraphes,  la  courbe  integrate  et  ses  applications, 
Paris  1886. 
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The  over-quartile  x  and  the  ander-quartile  .<•   :tre  determined  by 

,=/(£(Z^>),     ,,=/(^^) 

The  octiles  arc  determined  by 

xk=f(^  r7r)),     (*=1,9,  .     .     .,  8), 

These  may  be  used  as  characteristic  values  to  indicate  tbe  form  of 
the  curve.1 
The  percentiles 

•"■=/((>l-y,))'     (C=1'2'  '     '     "  100) 
have  formed  the  basis  of  the  method  of  percentile  grades.9     In  prac- 
tice the  percentiles  generally  become  vigintiles  or  deciles. 

Galton.  who  lii>t  introduced  the  practical  use  of  this  method  of 
considering  measurements,  treats  them  in  a  way  which,  mathemat- 
ically stated,  is  as  follows.  "With  any  arbitrary  unit  on  the  axis  of 
-\ .  erect  in  succession  the  ordinates 

extending  the  processes  till  the  value  xx  has  been  used  as  many  times 
as  it  occurs  in  the  set  of  results.     Likewise  let 

where  xn  has  occurred  m"  times.     Repeating  this  process  we  have 

■*■  mi  ■  „.ii~i  =  3-3  '1      -*  mi+m»+'2— -*^3  5     •        •        '■>       * mt+mthnlH  —  «^a) 

-*  mi    mil-      •        •        •      -  wr_1^l=:a'r  5         ■*■  ml  -  m"  ■      •        •         •    +n»r_1  +  2= ""V  )     •         '        •> 

v  —a-  • 

-Lmi-mii~     •        •        •     ~mr_x-mr  — '   r  5 


1  Galtox,  Hereditary  Genius,  33,  London  1870. 

by  intercomparison,  Phil.  Mag.,  1875  (4)  XLIX  33. 
G  llton,  Inquiries  into  Human  Faculty.  51,  Xew  York  1883.  . 
McAlister,   The  law  of  the  geometric  mean,  Proc.  Royal  Soc.  London,  1879  XXIX 
367  (374). 

Edgewobth,   Problems  in  probabilities,  Phil.  Mag.,  1886  (5)  XXII  371  (374). 

i.ton-,  Natural  Inheritance,  London  1889.     (I  have  not  seen  this?  work.) 
BownrrcH,  Physique  oj  women  in  Massachusetts,  XXI.  Ann.  Kept.  Mass.  State  Board 
of  Health,  285,  Boston  1890. 

BOWMTCH,  Growth  of  children,  XXII.  Ann.Rept.  Mass.  State  Board  of  Health,  479, 
Boston  1891. 

Seaver.  Manual  of  Anthropometry  1-  chare.  New  Haven  1890. 
I !  EISSLER,    Ueber  die    Vorteile  der  Berechnung  nach  perzentilen   Graden,  Allg.  etat. 
Arch.,  1891-1892  452. 
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-*mf+m/»+    •        •        •    +»'„_i    '    mn  "' 

Thus  in  general    FTO  is  the  ordinate  for 


m. 


X™k=^m>    (*=1»2»  *     '     •'")- 


m 


m'   m"  >/>, 


By  considering  the  whole  interval  covered  by  A' to  be  m=m'  +  m"  + 
.     .     .    +m„, 
any  point  Xk 


+  m„,  with  the  sub-intervals  —  ,  — ,  .     .     .,  — "  we  have  for 
'  mm  m 


in  . 

)n 


^JSm''    <i=1>*"     '     •'")- 


m' 


For  continuous  values  this  evidently  becomes  of  the  same  form  as 
(9)  and  would  become  exactly  the  same  if  the  T~-axis  had  been 
used  in  place  of  the  X-axis.  Galton's  elementary  illustration1  of 
a  group  of  men  placed  side  by  side  in  order  of  size  with  a  curve 
just  touching  the  tops  of  their  heads  has  led  to  the  use  of  the  axis 
of  Ffor  the  values  of  xt,  x7,  .  .  .,  xn.  As  Galton's  method  and 
illustration  have  been  widely  accepted  by  statisticians,  confusion  is 
introduced  by  the  neglect  of  mathematical  conventions.  To  the 
non-mathematical  statistician  it  seems  more  natural  to  ei-ect  height- 
ordinates  vertically  and  to  imagine  a  row  of  men  standing  on  their 
feet.  He  should  remember,  however,  that  in  the  simple  probability 
curve  the  heights  were  laid  off  horizontally  on  the  axis  of  A"  and 
that  if  he  wishes  to  have  the  heieht-ordinates  vertical  thev  must  in 
both  cases  be  laid  off  on  the  axis  of  3"  Galton's  "  ogive  "  curve 
is  obtained  by  tracing  the  integral  curve  on  tissue-paper,  look- 
ing at  it  from  the  back  of  the  paper  and  turning  it  through  90°. 
But  if  this  is  done,  the  simple  probability-curve  must  be  treated  in 
the  same  way.  In  respect  to  the  proper  choice  of  axes  Seaver's 
table,  for  example,  is  correct,  Bowditch's  tables  and  curves  are  not. 

2.  The  most  probable  value.  If  x  be  taken  to  represent  a  set  of 
values  cCj,  x^  .  .  .,  xn,  the  differences  xk—xP,  (&=1,  2,  .  .  .,  n), 
can  be  considered  as  errors  or  detriments.3 

The  antecedent  probability  of  any  set  of  errors  is  proportional  to 

<t>(xx—xr)  <j>(x„—xp)  .     .     .  <j>(xn—xp). 

1  Galton,  Statistics  by  intercomparison,  Phil.  Mag.,  1875  (4)  XLIX  33. 

2  Gauss,  Theoria  combinationis  observationum,  I,  6. 
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That  value  of  xp  which  renders  this  product  a  maximum  is  a  priori 
the  mosl  probable  value.     'Phis  requires  that 

n-      JL      (fyfa-Sp)  + 1_ afof>.,-sP) 


.     .     .   + 


l         <H{xn— xp) 


which  is  the  equation  of  condition  for  the  determination  of  xp.x 

This  equation  is  used  in  two  ways:  1.  to  determine  the  law  of 
probability  required  for  an  assumed  most  probable  value  ;  2.  to  de- 
termine the  most  probable  value  for  an  assumed  law  of  probability. 
In  either  case  an  arbitrary  assumption  must  be  made,  as  Gauss 
clearly  recognized."  If  the  average  be  assumed  as  the  most  proba- 
ble value,  then,  with  the  usual  additional  assumptions, 

(") 

.,  n) 


*(v)  =  v-  e 

where 

vk=xk  —  A,    {k—\,  2,  . 

and 

A  =  — . 

If  another  mean,  e.  g.  the  median  or  the  geometric  mean,  be  assumed 
as  the  most  probable  value,  the  law  of  frequency  takes  a  different 
form. 

It  has  been  customary  to  regard  the  assumption  of  the  arithmetical 
mean  and  the  exponential  law  of  error  therefrom  deduced,  as  practi- 
cally verified,  although  theoretically  not  correct.' 

Since  the  fundamental  supposition  of  symmetry  of  the  probability- 
curve  is  quite  unjustifiable  for  psychological  measurements,  and  since 
the  theory  of  means  has  been  treated  by  Gauss  independently  of  any 
definite  law  of  error,  it  is  justifiable  to  omit  all  further  consideration 
of  this  treatment  of  the  most  probable  value,  although  Gauss's 
earlier  treatment  is  followed  by  most  of  the  text-books  on  the  ad- 
justment of  measurements.4 

1  Gauss,  Theoria  motus  corp.  coel.,  II,  3,  177. 
8  Gauss,  Theoria  motus  corp.  coel.,  II,  3,  177. 
&A1  --    A       ]/■.  Gott.  gel.  Anz..  1821  Feb.  26;   Werke,  IV  98. 

3  Bertrand,  Calcul  des  probabilities,  183,  Paris  1889. 

4  K.vcKE.  Ueber  d.  Methode  d.  kleinsten  Quadrate,  Berliner  Astr.  Jahrb.,   1834  249. 
Chauvenet,  Manual  of  Sp  tnd  Practical  Astronomy.  469,  Phila.,  1864. 
FLelmert,   Die  Ausgleicbungsrechnung,  Leipzig  1872. 

Meyer,  Yorlesungen  ii.  Wahrscheinlichkeitsrechnung,  243,  Leipzig  1879. 

Mkkkimax.  Method  of  Least  Squares,  New  York  1894. 

Weinsteix,   Handbuch  der  phj'sikal.  Maassbestimmungen,  I  54,  Berlin  1886. 
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3.    Algebraic  selection.     Means  can   be  classed  according  to  the 
way  in  which  they  are  computed. 
a.    Combinatory  means.1     These  are 


F,(x) 


s/l.2.    2       r,      X    XQ 

n(n—\.) 


Fr{x) 


_i/   a,P,    -      •      ;P      a   P  p 

n{n  —  \)  .     .     .  (n—r) 


■^(»)=Va!iaj«  •     •     •  *«• 

Of  these  means  only  two  have  come  into  use,  namely,  the  arith- 
metic mean 

F(x)=Xl+X*+   '     •     '  +Xn=A. 
1V  '  n 

and  the  geometric  mean 


Fn(n)  =  \/xxx^  .     .     .  xn=G. 
b.  Power  means.     These  are 


pAx)=V  — 


Pn(x)=y  —  • 


1  Scheibner,    Ueber  Mittelwerthe,  Ber.  d.  math.-phys.  CI.  d.    konig.   sachs.  Ges.  d. 
Wiss.,  1873  XXV  562. 

Fechner,    Ueber  d.  Ausgangswerth  d.  hi.  Abweichungssurnme,  Abhandl.  d.  math.- 
phys.  CI.  d.  konig.  sachs.  Ges.  d.  Wiss.,  1878  XI  1(76). 
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By  analogy  we  might  put 

*.(«)  =  *       -• 

bul  since  K°=l,then  p0(x)=:  \/  1  =  l*=ly  ,  which  represents  an  inde- 
terminate quantity1  between  0  and  x  .  This  can  be  taken  to  express 
the  fact  thai  the  median  .1/=//  (x)  is  not  dependent  on  the  numerical 

value-  of  .'\,  /,,  .     .     .,  x  . 
The  value 

»(x)=:X'+X*+    '      '      *      +X"=A 
1V  '  n 

is  the  arithmetic  mean.  When  x  represents  the  errors  from  an 
;i\  '-rage,  their  mean 


l/ay'+ay'- 


/     \  1  /  ^i     *i"  •         •         •       "T"  "^n 

2)„(x)=z\/  -J ?-  —m 


is  the  mean-square-error  as  used  in  the  method  of  least  squares.     The 
quartic  mean^>4(aj)  has  also  been  used  in  the  calculation  of  precision.2 
4.  Selection  to  minimizt    a  function  of  the   variations.      Means 
have  been  so  selected  as  to  make 

an 

where 

v  =xk-R,         (A=l,  2,  .     .     .,  n). 

For/(«)=S(w),  we  have3 

1Caucht,  Com*  d'analyse  algebr.,  69,  Paris  1821. 

— .  Theoria  combinationis  observationum,  I.  11. 
2  Boscovicn,  De  littera  expeditione  ad  dimetiendos  duos  meridiani  gradus,  Romae 
1T.",5.     (I  have  not  seen   this   work.     It  is  described  in  Todiiuxter,  Hist.  Theories 
Attract.,  I  305,  332,  Lond.  1873.) 

BoscoviCH    De   />'  s  gradm  s,  Philosophia  recentior  a  B. 

Stay.  IT  420,  Romae  1760.     (I  have  not  seen  this  work.     It  is  described  in  Tojmicx- 
ter.  Hist.  Theories  Attract.,  [321,  Lond.  1873.) 

Laplace,   M  la  prob.,  Mem.  de  math,   et  de  phys.  par  divers  savans,  Acad. 

Paris.  1774  VI  621  (G35). 

Bernoulli.   Milieu,  Encyclop6die   methodique,  Math.,   II  404,   Paris   1785:    Diet, 
encycl.  d.  math..  Paris  1789. 

des  meridiens,  Hist.  Acad.  Sci.  Paris  1789,  Mem.  de 
math.,  18. 

Laplace,  Mecanique  celeste,  III  40,  Paris  1804;  Oeuvres,  II  144. 

Laplace,  Theorie  anal,  des  prob.,  Suppl.  2,  §2. 

Fechker,  Ueber  d.  .:  ,;<  d.  kl.  Abweichungssvmme,  Abhandl.  d.  math.- 

d.  konig.  sachs.  Ges.  d.  Wisa .  1878  XI  1. 
G-LAISHEB,  On   (he  law  of  facility  of  errors  of  observations,  Mem.  Roy.   Astr.  Soc. 
Lond.,  1872  XXXIX  75(12 
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d%{v) 
dR        ' 
and 

R-=M. 

For  f{v)=%v~,  or,  what  amounts  to  the  same  thing,  for 


n 
we  have1 


AV)=V  —  =m> 


n 


Average. 
Average  and  centroid.     The  average  is  defined  as 

*  X^    "l~  X^    "1  '     •        •        ■        r   *Cn 


n 


If   m  ,    m  ,    .     .     .,    mr    denote    the   number   of    times    the    values 
xlf  x2,  .     .     .,  xr  occur  respectively,  then 

a,  +  x^  +  .     .     .  +  x„  ///,  .>•,+  m,_  ,--2  +    .     .     .   +mrxr 

~~  n  //>,  +  /'/.,+   .     .     .   +  mr 

%mx 

The  average  thus  corresponds  to  the  centroid  of  a  system  of  parallel 
forces. 

If  the  results  are  so  numerous  that  the  values  of  x  can  be  treated 
as  continuous  and  <£(./•)  <7,«  can  be  substituted  for  m,  the  average  can 
be  substituted,  with  a  small  error  e,  for  the  abscissa  of  the  centre  of 
gravity.     Thus 


/■ 


xtf>(x)dx 


A  =  -  -   ±  e, 


Ji 


tf>(x)dx 
which  in  consideration  of  (2)  and  (4)  becomes 


1  Legendre,  Nouv.  methodes  pour  la  determination  des  orbites  des  cometes,  VIII, 
Paris  1805. 

Mkruimax.  List  of  writings  relating  to  the  method  of  least  squares,  Trans.  Conn. 
Acad.,  1877  IV  151. 
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■'„ 
A   =  Jx<t>(x)dx  ±  e. 

If  <£(./•)  is  unknown  and  the  number  of  results  is  large,  the  average 
A  represents  the  centroid-abscissa  x£  with  a  degree  of  certainty  and 
within  limits  determined  by  Poisson.1  For  a  large  number  of 
results 

with  a  probability  of 


A  =  j«f±      V_,  (12) 


*(y)=  7^  fe-**. 


where  h  is  a  quantity  derived  from  the  means  of  the  first  and  second 
powers  of  the  errors  but  is  not  amenable  to  practical  calculation 
except  for  known  <f>(x). 

Various  other  considerations  bearing  on  the  relation  of  the  aver- 
age to  the  centroid  and  to  the  individual  results,2  although  necessary 
to  a  just  appreciation  of  these  relations,  cannot  be  touched  here. 
The  assertion  that  the  use  of  the  average  is  the  mean  supposition  of 
all  possible  suppositions  as  to  the  mode  of  obtaining  value,3  in  addi- 
tion to  its  questionable  character,4  rests  on  the  assumption  of 
symmetrical  probability  which  cannot  be  admitted  here. 

Precision  of  the  average.  The  calculation  of  the  mean  variation, 
the  mean-square-error,  the  probable  error,  the  constant  of  precision, 
etc.,  are  to  be  found  in  the  numerous  works  on  measurement. 
They  generally  start  with  the  assumption  of  a  symmetrical  curve  of 
probability  and  pass  over  assymmetrical  curves  as  being  symmetri- 

1  PoiSSON,  Recherches  sur  la  probability  des  jugements,  ch.  IV,  Paris  1837. 

•  Lagran'GE,  Mini.  8wr  VutiliU  de  la  m&thode  de  prendre  le  milieu  entre  les  resultats 

attorn,  Miscell  Taurinensia,  1770-177.'),  V  (math.)  167;  Oeuvres,   II 
171. 

Encke,  Ueber  d.    Anwendung  d.  Wahrscheinlichkeits-Rechnung  auf  Beobachtungen, 
Berliner  A.str.  Jahrb.  f.  1853,  310. 

I'iz/.K'i "ii.  Sopra  una  generalizzazione  del  principo  della  media  aritmetica,  Atti  d.  R. 
I.  dei  Lincei,  Rend.,  1889  (4)  V,  186. 
8  De  MORGAN,    On   tin-  fheory  of  errors  of  observation,  Trans.  Camb.  Phil.   Soc.,  X 
409  (416). 

*  Gi.aishek,  On  tli>:  law  of  facility  of  errors  of  observation,   Mem.   Roy.   Astr.  Soc. 
Lond.,  1872  XXXIX  75  (90). 
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cal  curves  with  systematic  errors.  An  elementary  treatment  without 
this  assumption  is  given  by  Bertraistd.1 

Numerical  error  of  the  average.  The  computation  of  the  average 
involves  a  decision  on  the  number  of  decimal  places  to  be  retained 
in  the  observed  values  and  in  the  mean  after  division. 

The  limitation  of  the  number  of  decimal  places  used  in  writing  a 
result  introduces  an  error  into  each  result.  Each  result  differs  from 
the  truth  by  not  more  than  one  half-unit  in  the  last  place  ;  its 
mean  error  is  \  of  a  unit  in  the  last  place,  or  0.25/3  where  (3  denotes 
1  unit  in  the  last  place. 

When  n  results  are  added  to  form  an  average,  the  mean  error  of 

the  sum    will    be    0.25  (3\/n.     The  average  itself  will  have   a  mean 

0.25 

error  of     , —  P- 

■y  // 

Although  this  supposition  is  the  usual  one  for  numerical  work,  it 
is  not  strictly  true.  Such  a  treatment  of  the  mean  error  is  valid 
only  when  the  law  of  frequency  is  expressed  by  (11).  The  error 
thus  introduced  is,  however,  negligible. 

Since  it  is  understood  that  the  last  decimal  place  is  subject  to  a 
mean  error  of  0.25(3,  the  extra  decimals  obtained  in  calculating  the 
average  of  100  results  may  be  retained  to  one  place  beyond  the 
original  results. 

Even  when  the  number  of  results  is  less  than  100,  the  retention  of 
one  place  further  introduces  less  error  than  rounding  off  to  a  places. 
Thus  for  25  results  the  mean  error  of  the  a  place  is  0.05(3,  and  of  the 
a-f  1  place  is  0.50/3'.  If  we  round  off  to  the  a  place  on  a  supposition 
of  a  mean  error  of  0.25(3  in  the  usual  way,  the  uncertainty  of  the  a 
place  is  increased. 

Given  the  set  of  9  values  213,  215,  213,  210,  212,  214,  215,  210,  212. 
The  mean  numerical  error  of  each  value  is  0.25/3.  The  mean  error  of 
the  average  will  be 

^£=0.08j3,  or  0.83/3'. 
V9 


The  average  is 

19 


9 


=  212.666 


which  is  subject  to  a  mean  error  of  0.08/3  in  the  first  place  before 
the  point  or  0.8/3'  in  the  first  decimal  place.     If  we  round  off  to  213, 

1  Bertrand,  Calcul  des  probability,  ch.  X,  Paris  1889. 
2 
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we  introduce  an  uncertainty  corresponding  to  a  mean  error  of  0.25/3 
in  the  whole  numbers,  whereas  by  retaining  the  0,  the  uncertainty 
corresponds  to  only  0.08/8  in  the  unit-place  or  to  0.8/8'  in  the  first 
decimal  place,  being  a  gain  corresponding  to  0.17/3.  Rounding 
off  to  212.7  adds  an  uncertainty  of  0.25/8'  in  the  first  decimal  place, 
giving  a  total  of  0.83/8'  +  0.25/8' =1.08/8'  for  that  place  or  0.108/3  for 
unit-place,  being  a  loss  corresponding  to  0.028.  Since  under  any 
circumstances  the  loss  would  have  to  be  0.025/3,  the  writing  of  212. f>7 
has  practically  no  advantage  over  212.7. 

The  case  is  different  when  the  uncertainty  of  the  values  is  not  due 
simply  to  the  omission  of  decimal  places.  Let  the  measure  of  the 
uncertainty  of  a  value  x  be  denoted  by  ±  A.i\  Then  the  uncertainty 
of  the  average  of  n  results  will  be  given  by 

±  A.-' 

The  mean  error  is  the  most  convenient  measure  of  uncertainty. 

Under  very  favorable  conditions  the  record  of  the  Hipp  chrono- 
scope1  is  liable  to  a  mean  error  of  \x=\.5c.  The  average  of  9 
records  is  reliable  to  0.5ff.  To  obtain  a  result  numerically  precise 
to  1CT,  i.  e.  with  a  mean  error  of  0.25ff,  it  would  be  necessary  to  have 
36  original  records. 

Thus,  if  a  body,  e.  g.  a  controbhammer,  were  known  to  fall  with 
perfect  constancy,  36  records  with  the  chronoscrope  would  be  re- 
quired to  determine  its  time  of  fall  to  Vs, 

Dependence  on  characteristic  variations.  The  result  of  a  set  of 
direct  measurements  is  stated  to  be  A±d,  A±m  or  A±r.  The 
quantity  d  is  the  mean  variation  or  mean  error,  m  is  the  mean- 
square-error  and  r  is  the  half  probable  variation  or  probable  error. 
These  characteristic  variations  are  determined  from  the  formulas 

dr=K)  +  K)+  . 

yn(n  - 


/// 


Vs 


•=0.674j/^  +  'y-+ 


In  the-.-   formulas  the   signs  ±  have  the  meanings  usually  given 
them  in  works  on  adjustment. 


1  Kvlpe  and  Kikschmanw,   Ein    ■■■.■■■     Apparat  zum  Controle  zritmessender  Instru- 
ment*, Phil.  Stud.,  1892  VII  145. 
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These  results  indicate  the  range  within  which  any  other  single 
measurement  under  the  same  circumstances  may  be  expected  to  dif- 
fer from  A  with  a  given  degree  of  probability.  Thus,  we  can  wager 
1  to  1  that  a  repetition  of  the  measurement  under  the  same  condi- 
tions will  give  a  result  differing  from  A  by  not  more  than  r. 

In  the  final  statement  of  the  average  it  is  unnecessary  and  mislead- 
ing to  use  more  figures  than  would  be  justified  by  the  characteristic 
variations. 

Thus  if  a  set  of  25  measurements  on  reaction-time  gives  an  average 
of  0.2346  sec.  with  a  probable  error  of  0.012  sec,  the  second  figure, 
3,  of  the  result  is  uncertain  to  the  extent  of  more  than  ±1  unit.  The 
third  figure,  4,  of  the  result  is  uncertain  to  the  extent  of  ±12  units, 
and  the  last  figure,  6,  to  the  extent  of  ±120  units.  As  figures  when 
rounded-off  are  understood  to  be  uncertain  to  the  extent  of  a  mean 
error  of  ±0.25  unit  in  the  last  place,  the  statement  that  the  result  is 
0.23  sec.  is  somewhat  less  reliable  than  the  figures  themselves  indicate 
and  the  statement  that  the  result  is  0.235  or  0.2346  is  quite  mislead- 
ing. The  usual  method,  whereby  the  average  is  given  to  the  last 
place  justified  by  the  compution,  while  the  amount  of  d,  m  or  r  is  in- 
dependently stated,  is  justifiable  or  not  according  to  the  purpose  in 
hand.  When  the  purpose  is  simply  the  determination  of  an  average, 
there  can  be  no  ground  for  affixing  meaningless  decimal  places  ;  the 
average  should  not  be  stated  further  than  the  first  place  rendered 
insecure  by  the  characteristic  variation. 

Median. 

Median  and  rniddh  value.  The  median  is  that  value  which  is 
obtained  by  counting  off  an  equal  number  from  each  end  of  the  series 
of  results  arranged  singly  according  to  size.  If  plf  ;?„,  .  .  .,  p„ 
represent  the  relative  frequencies  of  xt,  x„,  .     .     .,  rcn,  then 

M  xn 


*1 


M 


The  values  x  ,  x  ,  .  .  .,  xn  have  all  an  equal  influence  in  the 
determination  of  xm.  Each  quantity  xk  is  either  above  or  below  x  .  ; 
how  far  above  is  not  regarded.  Those  above  xm  might  be  called  pos- 
itive results  and  those  below  xm  might  be  called  negative.  Thus  we 
might  put 
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■''  3*m 

and  r  +  5=/x. 

or  ?«=,s=^. 

The  relation  between  J/ and  .rm  can  be  determined  by  Bernoulli's 
theorem.     When  ^  is  large, 

M=xm±yr\      '  (la) 

with  a  probability  of 


The  values  of  y  are  to  be  determined  from  the  usual  table  for 


7 


3>(y)= 


v     o 


-  /e-'J  at. 

■k*J 


Computation  of  the  median.  The  median  is  defined  as  that  value 
which  occupies  the  position  given  by 

xf  +  x^  .     .     •    +  xn°  +  l  _  n  +  1 
2  2 

in  the  series  of  values  scl5  £C2,  .  .  .,  .r„  taken  in  order  of  size  from 
the  smallest  to  the  largest  and  from  the  largest  to  the  smallest. 

Let  the  number  of  occurrences  of  each  value  of  x  be  denoted  by 
ma,  mb,  .  .  .,  mr.  The  series  of  differing  values  «„  x„  .  .  .,  xr, 
finitely  expressed,  can  be  regarded  as  having  arisen  from  the  series 
ajj,  ./•2,  .  .  .,  x„  expressed  each  to  an  infinite  number  of  decimals 
by  rounding-off  all  the  decimals  to  the  a  place.  In  the  a  place  the 
set  xv  xa,  .  .  .,  xa  will  all  agree  and  can  be  expressed  by  ma  xa. 
Likewise  we  have  the  sets  rnbxb,  .     .     .,  mrxr. 

When  these  sets  are  arranged  in  order  of  size 

ma  xai  mh  xb,  .     .     .     .,»?*_,  Xt_u  ml  xl7  mt+1  x^,  .     .     .,  mr  x, 
the  set  containing  the  median  will  be  ml  xt  where 

(ma  +  mb+   .     .     .    +ml_1)  —  (ml+1  +  ?n,Ti+   .     .     .    +mr)<^m,. 

The  set  containing  the  median  is  not  necessarily  the  middle  set. 
The  median  will  be  one  of  the  mt  values  which  have  been  rounded 
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off   to   the   same  value  xt.     Each  value   xt   represents   some   value 
Xi±0.5fi  where  /3  indicates  1  unit  of  the  order  a. 
When 

(ma  +  mb+   .     .     .    +m,_-i)  —  (ml^  +  m^,+   .     .     .    +mr)  =  —c, 

the  median  value  occupies  a  place  among  the  mt  values  given  by  c 

where 

m,—c      m,—c      . 
(ma  +  mb+  .     .     .   +ml_i)+c-{ -—  =  —  —  +  (mi+1  +  ml+i  + 

.     .     .    +mr). 

The  median  is  thus  not  the  middle  value  of  the  group  mx  but  of 
the  group  m,—c. 

If  the  whole  interval  from  which  the  values  of  xt  were  derived  be 
denoted  by  S,  then  the  position  of  M  within  the  interval  S  will  be 
given  by 

M=x,+  —  S 
2m, 

If  the  extreme  values  for  xt  be 

Xi'=zXi — 0.5/} 

where  ft  is  1  unit  of  the  last  place,  then 

M=xl+~/3 
2m 

For    the    results    given    on    p.   17,    210    is  the    smallest   value,    210 
the  next,  212  the  next,    etc.     As  there  are    9    values,    the  median 

will  be  the  \  =  5  1th  value  from  the  smallest  ;  this  is  213.     The 

largest  value  is  215,  the  next  215,  the  next  214,  etc.     The  5th  from 
the  largest  is  213. 

The  4th  value  from  the  largest  is  also  213ff.  Thus  x,=213ff,  mt=2, 
c=  +  l  and  /8=lff.     Consequently 

J/=213'T  +  il<T=213.25(T. 

The  following  example  of  calculating  the  median  is  given  by 
Fechxer.1  As  a  historical  interest  is  present,  the  rather  naive 
method  of  using  decimals  is  left  untouched. 

"  Take  the  case  where  the  result  runs  as  follows  : 

result         ' 1^ 2 3 A 5 

number  of  2  5  16  10  7 

times  it  has 
occurred 

1  Fechxer,  Ueber  d.  Ausgangswerth  d.  kleinsten  Abweichungssumme,  Abhandl.  d. 
math.-phys.  CI.  d.  k.  sachs.  Ges.  d.  Wiss.,  1878  XI  1  (19). 
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••  The  total  number  n  is  here  40,  and  the    - — .,  i.  e.  the  20^.  value 

counted  from  either  lefl  or  righl  end  of  the  series  cuts  into  the 
number  It'.;  tlius  the  median  is  to  be  sought  by  interpolation  in 
the  series  of  the  16  results  giving  the  value  3,  but  as  the  20th,  uot 
as  the  -Ji'ltli.  The  limits  of  this  series  of  3s  are  2.5  and  3.5.  Count- 
in.;  from  the  hit  Bide  we  have  7  values  up  to  the  limit  2.5  of  the 
Beries  and  L3  more  are  needed  to  make  the  20th  value  which  falls 
among  thi'  :is  ;  thus  according  to  the  simplest  principle  of  interpola- 
tion we  have  to  take  from  the  limit  2.5  upward  still  i|=0.8125  of 
this  interval  in  order  to  reach  31,  making  .'/=2.5  4-0.8  125  =  3.3125. 
Going  from  the  right  hand  end.  we  have  17  values  up  to  the  limit 
3.5  of  the  series,  and  lack  still  3  of  the  20,  which  fall  in  the  series. 
Thus  we  have  to  subtract  from  the  limit  T^-=0.1875  of  the  interval 
in  order  to  reach  M,  which  gives  3.5  —  0.1875=3. 3125  as  before." 

Numerical  error  of  the  median.     The  mean  numerical  error  of  a 
single  value  being  0.25/3,  that  for  m,  values  will  be 

^. 

V  in 

In  the  foregoing  example  where  ml-=.2,  the  mean  error  of  the  result 
213ff  is  0.1  S/3  and  of  the  extended  result  213.3'7  is  1.8/3',  where  /3=la 
and  /3=0.1ff. 

As  a  slightly  different  example  take  the  values  44,  51,  4G,  50,  47, 

49,  47,  45,  48,  50.     The  median  will  be  the  (      —    jth  or  5!th  value. 

The  fifth  from  the  smallest  is  47  ;  the  fifth  from  the  largest  is  48  ; 

the  5^th   will  lie  between  the  two.     As  there  is  no  reason  to  prefer 

one  extreme  of  the  interval  48  —  47  to  the  other,  the  simplest  method 

is  to  take  J/=47.5.     The  numerical  uncertainty  of  48  is  represented 

by  a  mean   error  of  0.25/3  ;  that  of  47,  derived  from  two  results  by 

0.25/3 

———=0.18/3.     The  mean  error  of  their  sum  will  be 

V   2 


V(0.25)a  + (0.18)^=0.31)3; 

and  of  their  average  -     =0.1  G/3. 

The  numerical  mean  error  for  the  median  in  this  example  is  thus 
0.16/3  for  the  unit-place. 

The  decimal  place,  already  uncertain  by  a  mean  error  of  0.25/3', 
becomes  uncertain  to  the  extent  of  a  mean  error  of  1.85/3'.  Although 
47.5  is  less  uncertain  than  47  or  48,  it  has  nevertheless  quite  a  nu- 
merical uncertainty. 
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The  numerical  uncertainty  of  the  averasre  of  the  ten  results  would 

0.25/3 
be  indicated  by  a  mean  error  of  — '-^=  =  0.08/?   for  the    unit-place 

yio 

or  0.8/3'  for  the  first  decimal.  The  median  is  thus  at  a  disadvantage 
numerically. 

As  the  results  gather  more  around  a  middle  value  in  more  accurate 
work,  more  values  will  coincide  with  the  median,  ml  will  become 
larger  and  the  numerical  error  for  a  given  number  of  results  will 
become  less.  The  numerical  error  of  the  average  will  remain  the 
same. 

As  mentioned  on  pages  2  and  17  the  influence  of  (f>(x)  on  the 
numerical  error  is  negligible.  Thus  in  calculating  the  numerical 
error  of  the  median,  as  long  as  the  unit  of  number  does  not  exceed 
the  size  of  the  mean  error,  we  can  safely  suppose  the  values  xt  to 
have  arisen  by  rounding-off  equally  frequent  values  throughout  (3. 

Dependence  of  accuracy  on  the  number  of  results.  Gauss  has 
deduced  an  expression  for  the  accuracy  of  the  mean  value  of  any 
power  of  a  variation  as  depending  on  the  number  of  variations.1 
With  slight  changes  the  results  can  be  stated  as  follows  on  the  sup- 
position  of  (11).     Let  x,  be  the    mean   as  determined  from  the  k 

powers  of  the  n  observations.     Then  with  not  too  small  numbers  of 

results  the  probable  uncertainty,  in  the  same  sense  as  the  probable 

0  752  ■ 
error,   for  x0=3f  determined    from   x   ,   x  ",  .     .     .,  xn  is  ±    '         - 

Vn  —  l 

£                 ,    ,            .      ,  -                                              ,  .    .           0.510 
tor  xx=A  determined  from  aj,  ,  a?s ,  .     .     .,  xn  it  is  ± — . 

V  n  —  1 
Other  things  being  equal,  it  is  necessary  to  take  249  observations 
to  gain  the  same  accuracy  for  the  median  as  is  given  by  114  obser- 
vations for  the  average. 

Dependence  on  characteristic  variations.  As  noted  on  p.  ?  the 
median  is  that  representative  value  which  corresponds  to  a  minimum 
for  the  sum  of  the  absolute  values  of  the  first  powers  of  the  varia- 
tions. The  mean  variation  from  the  median  will  bear  to  the  median 
a  relation  similar  to  that  which  the  mean-square-error  bears  to  the 
arithmetic  mean.     The  median  will  thus  be  stated  as 

JI±a,  31  ±1  or  31  ±s,  where 

'Gauss,  Bestimmung  d.  Genauigkeit  d.  BeobacMungen,  Zt.  f.  Astr.,  1816  I  185; 
Werke,  IV  1 09. 

Lipschitz,  Sur  la  combinaison  des  observations,  C.  R.  Acad.  Paris,  1890  CXI  163. 
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y.  (.»•  -.1/)/,       0.756  \ 
a  =  — —  (1±- 

V«(»-l)\       yn  —  \/ 

'  »  — 1       \       y«— 1  / 

s  =  0.674  t'. 

The  number  of  significant  figures  to  be  retained  in  stating  the 
median  is  regulated  in  the  same  way  as  for  the  average.  For  the 
example  given  on  p.  17,  the  median  is  calculated  to  be  213. 3ff ;  the 
mean  variation  is  \.<5'7.  The  last  figure  is  uncertain  by  at  least  1.60, 
and  cannot  justifiably  be  used  for  final  statement.  Even  the  last 
figure  in  213CT  is  slightly  uncertain. 

In  Fi:<  ii m  b's  example  <>n  p.  21  the  mean  variation  is  1.14.  This 
makes  even  the  whole  number  3  rather  uncertain  and  for  final  state- 
ment renders  utterly  valueless  the  four-place  decimal. 

In  the  example  given  on  p.  22,  the  mean  variation  of  the  individual 
results  from  the  median  is  2.0.  Whence  it  follows  that  for  the  mere 
statement  of  a  representative  result,  the  decimal  place  is  totally 
worthless  and  even  the  unit-place  is  unreliable.  The  mean  variation 
from  the  average  47.7  is  also  2.0.  The  conclusion  is  the  same.  Thus 
the  average  in  a  ease  of  this  kind  has  no  advantage  whatever. 

As  the  mean  variation  becomes  less,  owing  to  better  agreement  of 
the  results,  the  numerical  mean  error  of  the  median  will  also 
decrease,  whereas  that  of  the  average  will  remain  the  same.  Thus 
the  numerical  advantage  of  the  average  is  valueless,  for  a  final  state- 
ment, when  the  mean  variation  is  large,  and  this  advantage  itself  is 
lost  as  the  mean  variation  decreases. 

The  labor  of  obtaining  the  extra  decimal  is  thus  not  justified  when 
the  results  disagree  to  such  an  extent.  By  a  preliminary  estimate  or 
computation  or  by  a  cursory  -lance  at  the  values  themselves  it  is 
generally  possible  to  determine  the  number  of  places  required  and 
thus  to  adjust  the  amount  of  the  labor  to  the  worth  of  the  result. 

In  the  consideration  of  the  characteristic  variations  both  for  the 
median  and  for  the  average,  I  have,  for  the  sake  of  using  Gauss's 
deductions,  made  the  supposition  that  the  law  of  error  is 

h      -Wv*  .... 

Labor  of  computation.  There  is  one  important  property  of  the 
median  which  can  be  understood  only  after  practical  acquaintance 
with   it,   namely,   its  economy.     Suppose  the  original  results  of   the 
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example  already  used  to  be  set  down  in  a  line  or  a  column:  213,  215, 
213,  210,  212,  2U,  215,  210,  212.  Let  the  higher  numbers  be 
marked  off  successively  by  a  small  check,  thus  215,  till  5  have  been 
checked.  This  is  the  median.  After  a  little  practice  this  can  be 
done  for  10  or  25  values  with  unexpected  rapidity.  The  result  is 
rapidly  verified  by  checking  off  the  numbers  from  the  smallest 
upward.  The  determination  of  the  average  requires  the  addition 
of  9  figures  and  the  division  of  the  result  by  9.  Even  in  this 
example  where  the  first  two  figures  can  be  neglected  and  the  whole 
work  can  be  done  mentally,  yet  the  time  required  is  much  longer. 

In  all  examples  mentioned,  owing  to  the  size  of  the  mean  variation 
there  would  have  been  no  gain  in  computing  the  average,  whereas 
the  additional  labor  would  have  been  a  decided  loss.  When  it  is 
remembered  that  saving  in  labor  in  computation  means  additional 
opportunity  for  obtaining  results,  it  is  justifiable  to  claim  that  the 
most  economical  method  of  computation  should  be  employed. 

In  the  typical  examples  given  the  additional  uncertainty  of  the 
median  is  negligible  in  comparison  with  the  characteristic  variations. 
When  this  is  not  the  case,  it  is  a  question  whether  to  obtain  double 
the  number  of  results  for  the  median  or  to  perform  the  additional 
computation  required  by  the  average,  in  order  to  obtain  the  mean 
with  a  given  precision. 

Median  error.  On  the  assumption  of  (11)  the  probable  error 
should  be  nearly  the  same  whether  determined  by  Bessel's  formula 


+  y„' 


1  f  n  —  1 

or  by  Petej:-'-  formula 

,-,  =  0.845    («■'  +  (".>+    ■     ■      ■    +W 
\/n(n  —  l) 

or  by  counting  off  in  order  of  size  till  the  middle  error  is  reached. 
The  probable  error  is  thus  in  the  last  case  the  median  error.  In  the 
same  way  that  the  mean  error  for  the  median  corresponds  to  the 
mean-square-error  for  the  average,  so  the  median  error  for  the 
median  would  correspond  to  the  mean  error  for  the  average.  In  a 
similar  manner  the  median  error  for  the  median  can  be  compared 
with  the  probable  error  for  the  median,  in  order  to  test  the  validity 
of  the  assumption  mentioned. 

Other  discussions  on  th>  median.     In  addition  to  the  productions 
cited  elsewhere,  several  other  articles  containing  accounts  of  or  refer- 
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ences  to  the  median  have  been  consulted.  Those  whose  titles  I  have 
noted  down  are  by  Coi  rnot,1  Edgewoeth,'  Tuenee,8  Sceiptube/ 

Venn. 

Weight    am>   influence. 

In  forming  a  direct  average  each  measurement  in  a  given  set  of  n 
measurements  lias  an  influence  of 

/'                         /*  w 

f- _J   .      f Zl  •  •    -f *_1 

Jl~n   '   J"-~n   '  '     *     •'/"~™ 

on  the  result.  The  influence  of  a  quantity  is  thus  directly  propor- 
tional to  its  numerical  value.  The  numerical  values  a?,,  #„  .  .  .,  xH 
ran  thus  be  called  the  relative  influences  of  the  1,  2,  .  .  .,  ?ith 
measurements. 

In  combining  results  from  different  sets  of  measurements  it  is  not 
always  desirable  for  them  to  influence  the  average  in  direct  propor- 
tion to  their  face-values.  This  has  led  to  the  use  of  a  system  of 
multipliers,  called  weights,  by  which  the  influence  of  a  quantity  is 
modified.  The  various  results  are  each  multiplied  by  a  coefficient 
p ..  p  .  .  .  .,  j>„  such  that  %p=n.  The  average  of  the  weighted 
results  will  be  the  "  weighted  mean,"  . 

Pi+P,+   •     •     •    +P» 
The  fact  that  in  concrete  cases  2/>  is  not  equal  to  n  arises  from  a 
tacit  division  of  both  numerator  in  (14)  by  the  same  number. 
The  weighted  mean  agrees  with  the  direct  mean  only  when 

pj=p*~   .      .      .    =/>„.  (15) 

It  is  a  very  natural  step  to  apply  this  concept  to  individual  meas- 
urements ;  some  measurements  are  naturally  better  than  others. 
But  when  all  measurements  have  been  made  apparently  with  equal 
care  and  there  is  no  reason  to  prefer  one  to  another,  it  may  be  said 
that    there  is  no  a  priori  reason   for  weighting  one   different   from 

icbxot,  Exposition  de  la  theorie  des  chances  et  des  probability,  120,   Paris  1843. 
-  Edgewoeth,  On  discordant  observations,  Phil.  Mag.,  1887  (5)  XXIII  364. 
Edgewoeth,  New  method  oj  ■      itions,  Phil.  Mag.,  1887  (5)  XXIY  222. 

Edgewoeth,  Empirical  proof  oj  the  law  oj  error,  Phil  Mag,  1887  (5)  XXIV  330. 
Edgewoeth,  Discus  Dr.  Venn's  paper,  Jour.  Roy.  Statist.  Soc.  Lond.,  1891 

LIV  ; 

3  Tl-knkh.  On  Mr.  Edgewoeth's  method  of  reducing  observations,  Phil.  Mag..  1887(5) 
XXIV  466. 

euptube,  <)n  the  adjx  simple  psychological  measurements,  Psych.  Rev., 

1  I  281. 
b  Venn,  On  average*.  Jour.  Roy.  Statist.  Soc.  Lond  ,1891  LIV  429. 
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another.     The  simplest  assumption   is  the   purely  arbitrary  one  that 
all  are  of  equal  weight. 

This  gives  a  very  good  result  if  the  values  of  x  run  along  very 
regularly  and  close  together.  No  dissatisfaction  is  felt  as  long  as 
the  individual  variations  fall  within  the  limits. 


or1 


-Kvk  <+l 
v*  <  (I) 


where 

vt=xk-A,      (A=l,  2,  .     .     .,  n),  (16) 

/  not  being  considered  a  large  quantity.     But  if   some  very  large 
value  xr  occurs  so  that 

('•)>  (I), 
the  natural  supposition  is  that  xr  is  not  so  reliable  as  the  other  values 
of  x.  Sometimes  it  is  rejected,  i.  e.  the  weight  pr=0  is  attached  to 
it  while p~p^=.  .  .  .  z=pr_l=pr+l=z  .  .  .  =pn=\.  Sometimes  it  re- 
ceives a  weight  /?,=£,  or  pT=.%,  while  the  others  receive  p—\,  in  a 
purely  arbitrary  fashion. 

To  know  when  to  reject  values  it  is  necessary  to  assign  some  value 
to  I.  This  has  led  to  various  criteria  for  rejection,  the  best  known 
of  which  are  those  of  Peikce,"  Chauvenet8  and  Stone/ 

1  (x)  is  used  for  aba  x,  or  x  taken  without  regard  to  sign. 

-  Peirce,  Criterion  for  the  rejection  of  doubtful  observations,  Astr.  Jour.  (Gould),  1852 
II  161. 

Gould,  Report  .  .  .  containing  directions  and  tables  for  the  use  of  Peirce's 
criterion,  U.  S.  Coast  Surv.,  Rept.  1854,  131*. 

Gould,  On  Peikce's  criterion  for  the  rejection  of  doubtful  observations,  ivith  tables, 
Astr.  Jour.  (Gould),  1855  IV  81. 

Airy,  Letter  from  .  .  .  [remarks  on  Peirce's  criterion],  Astr.  Jour.  (Gould). 
185G  IV  137. 

Wiklock,  On  Prof.  Airt's  objection  to  Peirce's  critericn,  Astr.  Jour.  (Gould),  1856 
IV  145. 

Newcomb,  A  generalized  theory  of  the  combination  of  observations  so  as  to  obtain  the 
best  results.  Am.  Jour.  Math  ,  1886  VIII  343.  (The  note  on  p.  344  contains  two  strik- 
Jng  dedtictions  ) 

3  CiiArvENET.  Manual  of  Spherical  and  Practical  Astronomy,  564,  Phila.  1864. 

4  Stone,  On  the  rejection  of  discordant  observations,  Month.  Xot.  Roy.  Astr.  Soc 
Lond,  1868  XXVIII  165. 

Glaisher,  On  the  rejection  of  discordant  observations,  Month.  Not.  Roy.  Astr.  Soc. 
Lond.,  1873  XXXIII  391. 

Stone,  On  the  rejection  of  discordant  observations,  Month.  Xot.  Roy.  Astr.  Soc. 
Lond.,  1873  XXXIV  9. 

Glaisher,  Note  on  a  paper  by  Mr.  Stone  .  .  .  ,  Month.  Xot.  Roy.  Astr.  Soc. 
Lond.,  1874  XXXIV  251. 

Stone,  Note  on  a  discussion  .  .  .  ,  Month.  Xot.  Roy.  Astr.  Soc.  Lond.,  1875 
XXXV  107. 
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The  criteria  for  rejection  have  never  proven  satisfactory.  The 
general  sentimenl  seems  to  be  thai  the  rejection  of  an  honestly  made 
observation  simply  because  it  differs  largely  from  the  expected  value 
amounts  to  an  attempt  to  make  the  work  appear  more  accurate  than 
it  is.1  The  rejection  of  observations  by  calculation  of  the  average 
first  with  it  and  then  without  it,  is  said  to  be  like  what  happens  in 
war  when  two  detachments  of  the  same  army  meet  in  the  dark  and 
fire  into  each  other,  each  supposing  the  other  to  belong  to  the  com- 


mon enemy.8 


The  very  questionable  justification  for  any  rejection  of  results  on 
account  of  their  divergence  has  led  to  various  systems  of  weights.3 
The  main  objections  to  these  systems  are  1.  the  assumption  of  the 
validity  of  Simpson's  law'  tf>(—Vk)==(f>[  +  V/\}  where  v,  is  defined  as  in 
(16)  and  <£  indicates  the  relative  number  of  times  of  occurrence  of  vk; 
2.  the  labor  of  computation  which  is  often  out  of  all  proportion  to 
the  gain. 

The  rejection  of  observations  has  been  a  troublesome  question  for 
psychologists.  The  results  did  not  agree  and  absolutely  refused  to 
group  themselves  around  the  arithmetical  mean.  It  was  not  a  ques- 
tion of  a  single  result  differing  from  all  the  rest  but  of  several  results 
tending  toward  an  extreme  value.  This  led  to  a  process  of  wholesale 
rejection    which  reached  a  crisis  in  giving  double  sets  of  results,  once 


1  Hall,  Orbit  of  lapetus,  40,   Astr.  and   Meceor.  Obs.  for  1882,  U.  S.  Naval  Obs>, 
App.  1.,  Wash.  1885. 

Newcomb,  .1  ■jeneralized  theory  of  the  combination  of  observations  so  as  to  obtain  the 
bestresuU,  Am.  Jour.  .Math.,  1886  VIII  343  (345). 

Pate,  £  lains  points  de  I"  theorie  des  erreurs  accidentelles,  C.  R.  Acad.  Sci. 

Paris,  L888  CVI  78:;. 

1  Doolittle,  The  rejection  of  doubtful  observations,  Wash.  Bull.   Philos.  Soc,    1884 
VI  152,  in  Smithsonian  Misc.  Coll.,  1888  XXXIII. 
3  Pe  Morgan,  Theory  of  probability,  Encyc.  Metropol.,  TI  456,  Lond.  1847. 
Glaisher,  On  the  law  o  i  of  errors  of  observation  and  on  the  method  of  least 

Mem.  Roy.  Astr.  Soc.  Lond.,  1871  XX XIX  Pt.  I.  75  (103)- 
■   Newcomb,  .1  a  y  of  the  combination  of  observations  so  as  to  obtain  the 

It,  Am.  Jour.  Maih..  188G  VIII    343. 

■  average  of  observations,  tfature,  1888  XXXVII  4G4. 
1  Simpson.  An  attempt  to  show  the  advantage  arising  by  taking  Hie  mean,  Misc.  Tracts, 
64,  Lond.  1757. 

"  EDGEWOETH,  ("hoke  of  means.  Phil.  Mag.,  1887  (5)  XXIV  268  (271). 
6  Kx\Kii.  Exper.  ''■■■     uch.  d.  einfachsten  psych.  Processe,  Arch.  f.  d.  ges.  Physiol. 
(Pfliiger),  1873  VII  601  (613). 

v.  Ki;ii:s  and   Auebbach,   Die  Zi-itduin-r  </,,fachster  psychischer  Vorgdnge,  A rch.  f. 
-iol.  (Pu  Bois-Reymond),  1877  297  (307). 
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without  rejection  and  then  with  rejection,1  and  found  its  reductio  ad 
adsurdum  in  making  experiments  in  sets  of  25  of  which  20  were 
selected  for  the  calculation  of  the  average.2 

All  this  has  made  it  evident  that,  even  if  the  arithmetic  mean  of 
the  observations  is  justifiable  in  the  physical  sciences,  it  is  not 
a  priori  the  best  representative  value  for  psychological  measure- 
ments. 

The  trouble  lies  in  the  fact  that,  because  the  average  is  the  most 
plausible  representative  for  certain  kinds  of  differing  quantities,  it 
has  been  treated  as  the  best  one  in  all  cases.3  In  the  use  of  the 
average  each  individual  quantity  influences  the  result  in  direct  pro- 
portion to  its  numerical  value.     The  value  Xi  =  a  contributes  to  the 

result  7-  times  as  much  as  the  value  xk=b.     This  is  unquestionably 
o 

the  correct  method  to  pursue  when  the  individuality  of  the  quantity 
is  of  no  account.  If  r  cubic  meters  of  soil  must  be  removed  for  a 
railroad-cut,  it  makes  little  difference  just  how  much  each  particular 
car  of  a  train  carries,  provided  the  average  is  satisfactory.  Each 
car  counts  not  merely  as  an  overloaded  or  an  underloaded  car,  but  as 
overloaded  or  underloaded  to  a  definite  extent. 

This  is  not  the  case  in  most  measurements.  The  measurements 
tend  to  group  themselves  around  some  mean  value,  and  when  a 
widely  different  value  occurs  it  is  looked  upon  with  distrust.  To 
use  it  in  an  average  is  to  make  it  count,  not  as  one  single  value 
above  or  below  the  mean,  but  as  an  individual  counting  for  every 
unit  of  divergence.  The  more  it  differs,  the  more  it  counts.4  For 
example,  in  a  set  of  values  3,  4,  2,  2,  3,  10,  it  is  evident  from  mere 
inspection  that  the  grouping  is  around  3.  The  average  is  4,  because 
the  one  extreme  value  10  contributed  to  the  formation  of  the  aver- 
age as  much  as  the  four  values  3,  2,  2,  3  put  together.  If  we  had  15 
instead  of  10,  the  influence  of  this  extreme  value  would  have  been 
more  than  that  of  all  the  rest.  In  the  particular  case  of  measurements 
the  more  a  value  differs  from  the  rest,  the  less  we  think  of  it  ;  if  it 

1  Berger,  Ueber  d.  Einfluss  der  Reizstarke  auf  d.  Dauer  einfacher  psych.  Vorgdnge, 
Phil.  Stud.,  1886  III  38  (61). 

Cattell,  Psychometrische  Untersuchungen,  Phil.  Stud.,  1886  III  305  (317). 
!  Jastrow,  Studies  from  the  Univ.  of  Wisconsin.  Am.  Jour.  Psych.,  1892  IV  382  (413). 
'  De  Morgan,  On  the  theory  of  errors  of  observation,  Trans.  Camb.  Phil.  Soc,  X 
409  (416). 

Venn,  On  averages,  Jour.  Roy.  Statist.  Soc.  Lond.,  1891  LIV  429. 
4  Bowditch,  Note  to  Laplace's  Mecanique  celeste,  translated,  vol.  II,  434,  Boston 
1832. 
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differs  too  much,  we  think  so  little  of  it  that  we  are  tempted  to  throw 
it  "ut  altogether. 

[n stead  of  allowing  the  individual  result  to  have  an  influence  pro- 
portional  to  its  value,  why  not  lei  it  enter  into  the  formation  of  the 
mean  as  one  individual  differing  from  the  mean  regardless  of  the 
amount  of  the  difference  ? 

Thus,  it'  the  graduating  class  in  college  happens  to  contain  one 
very  tall  man,  the  average  height  will  be  greater  than  the  averages 
tin  other  years.  The  tall  man  contributes  to  the  representative 
value  not  simply  as  one  man  but  with  the  influence  of  several  men. 

It  would  seem  more  natural  that  each  individual  should  influence 
the  representative  value  merely  as  one  individual.  If  all  the  men 
were  placed  in  order  of  height,  the  most  natural  representative  would 
be  the  man  in  the  middle,  or  the  man  who  would  be  determined  by 
counting  off  an  equal  number  of  individuals  from  both  extremes. 
This  is  equivalent  to  determining  M  by  the  formula  on  p.  20;  and 
the  height  of  this  middle  man  is  the  median  height.  If  there  hap- 
pens to  be  a  very  tall  man  among  them,  a  few  millimeters  more  or  less 
in  his  height  will  make  a  difference  in  the  average,  but  as  long  as  he 
remains  taller  than  the  middle  man  the  median  will  remain  the  same. 

Let  the  set  of  results  be  indicated  by  x*y  x^°,  .  .  .,  xn°,  where 
these  letters  are  used  merely  as  symbols  for  single  quantities. 
Thus,  if  the  measurements  are  the  heights  of  a  set  of  individuals,  x° 
will  designate  a  certain  individual  ;  if  they  are  observations,  each 
will  designate  an  observation.  In  taking  the  average,  we  influence 
each  individual  quantity  with  a  number  indicating  its  numerical 
value.     Thus 

—•''•''    JKJCK]  ~\-X^C^   --    .       .       .     rV«  _      a 

ii  11 

I mt  let  a  tall  man  count  as  only  one  tall  man  regardless  of  just 
how  tall  he  is,  provided  he  is  above  the  mean,  and  let  a  short  man 
count  likewise  as  one  man.  Since  tall  and  short  are  only  relative 
terms,  there  must  be  some  value  above  which  all  the  men  are  to  be 
called  tall  and  below  which  they  are  to  be  called  short.  This  is  the 
value  that  we  have  called  the  middle  value.  Each  individual  counts 
as  one  unit.     In  general  terms, 

n  n 

Each  value  thus  has  the  same  influence. 

The  influence  of  an  individual  measurement  can  be  defined  as  its 
relative  effect   in   the  formation  of  the  mean;  its  weight  is  an  arbi- 
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tvary  multiplier  prefixed  to  its  numerical  value.  The  influence  of  a 
measurement  in  taking  an  average  is  thus  the  product  of  its  numeri- 
cal value  by  its  weight. 

The  general  formula  (14)  for  the  weighted  mean  becomes  in  the 
notation  just  used, 

Pi+P,+    •       •       '     +P* 

The  supposition  of 

Pi=]\=   •     •     •   =JV=1  (1?) 

has,  as  just  noted,  not  proved  satisfactory,  extreme  values  being  less 

trustworthy  than  moderate  ones. 

It  has  been  proposed,  as  an  assumption  more  satisfactory  than  (17), 

that  each  quantity  be  weighted  inversely  as  its  numerical  difference 

from  the  average,   whereby  a  corrected  average  will  be  obtained.1 

Let 

vk=xk—A,     (/>'=1,  2,  .    .    .,  n), 

then  take  —  as  the  weight  of  xit  whereby 


A:- 


11  1 

—  33.  -f        33  „  -p    .  .    .    -       —  Xn 

11  1 
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V,      vn  vn 


Since  the  average  differs  from  the  centroid  on  account  of  n<^  ao,  this 
corrected  average  A;  may  be  treated  to  a  still  further  correction  in 
the  same  way.  This  process,  when  repeated  tends  to  one  of  the 
given  measurements  as  the  mean.2 

What  is  here  approached  in  a  way  so  awkward  as  to  preclude  any 
but  a  theoretical  interest,  can  be  very  simply  stated. 

Let  each  quantity  have  a  wreight  inversely  proportional  to  its 
difference  from  the  middle  value.  The  centroid  of  a  series  of  obser- 
vations thus  weighted  will  coincide  with  the  middle  value  writhin  the 
limits  of  error  necessitated  by  n<^<x>. 

1 ,  Dissertation  sur  la  recherche  du  milieu  le  plus  probable,  Annales  de  math. 


(Gergonne),  1821  XII  181. 

De  Morgan*,  Theory  of  prob.,  Encycl.  Metropol.,  II  440,  Loncl.  1847. 

Glaisher,  On  the  rejection  of  discordant  observations,  Month.  Not.  Roy.  Astr.  Soc. 
Lond.,  1873  XXXIII  391. 

Stone,  On  the  rejection  of  discordant  observations,  Month.  Not.  Roy.   Astr.  Soc. 
Lond.,  1873  XXXIY  9. 

2  Gergonne,  Note,  Annales  de  math.  (Gergonne),  1821  XII  204. 
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The  case  will  be  represented  by  a  rod  without  weight  having  on 
it  a  number  of  particles  xt,  x3,  .  .  .,  .>*„  with  masses  inversely  pro- 
portional tn  their  distance  from  the  point  of  suspension.  The  dis- 
tance of    any  particle    from    the    point   of    suspension    a    is  ,)'  —  </;  its 

weight   is  — :  -  :  its  moment  is  1.      The  point  on  which  the  rod  will 

balance  is  thus  determined  by  the  condition  that  there  shall  be  an 
equal  number  of  particles  on  each  side.1  The  center  of  gravity  of 
this  system  of  particles  will  thus  be  its  middle  particle  for  an  uneven 
number,  or  a  point  between  the  two  middle  ones  for  an  even  number. 
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For  a  continuous  mass  governed  by  the  same  law,  the  centre  of 
gravity  x*  and  the  middle  value  xm  coincide. 

From  these  considerations  regarding  influence  and  weight  the 
following  conclusions  can  be  drawn: 

The  median  represents  the  series  of  quantities  in  such  a  way  that 
each  quantity  has  an  influence  of  unity. 

The  average  represents  the  series  of  quantities  in  such  a  way  that 
each  quantity  has  an  influence  directly  proportional  to  its  numerical 
\  alue. 

The  median  is  equal  to  the  weighted  mean  where  the  weights  are 
inversely  proportional  to  the  differences  of  the  values  from  the  mean. 

The  average  is  equal  to  the  weighted  mean  where  the  weights  are 
equal. 

Choice  of  means. 

The  selection  of  representative  values  may  take  place  under  three 
different  conditions:  I.  the  results  may  be  so  numerous  that  the 
empirical   frequency  curve  can   be  used   as  the  probability   curve; 

II.  the  results  are  few  but  the  form  of   </>(.'•)    has  been   determined; 

III.  the  results  are  few  and  <£(•'•)  is  unknown. 

I.  Numerous  results.  The  fundamental  difference  between  statis- 
tics and  ordinary  measurements  lies  in  the  number  of  measurements 
executed.     Although  the  passage  from  one  class  to  another  is  grad- 


!  WILSON,  Note  on   a  special  case  of  the  most  probable  n suit  of  a  number  of  observa- 
tions, Month.  Not  Roy.  Astr.  Soc.  Lond.,  1878  XXXYIII  81. 
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ual,  we  can  confine  ourselves  here  to  the  extreme  cases.  When  the 
results  are  so  numerous  that  the  curve  of  frequency  can  be  plotted 
and  can  be  regarded  as  identical  with  the  curve  of  jDrobability,  eveiy 
value  for  x  and  <f>(x)  is  assumed  as  known.  The  representative  values 
can  be  calculated  from  the  formulas  : 
for  the  centroid 

?~%<f>{x) 


for  the  median 

x  —  ]\r      x 

^4>(*)=^<l>(x) 

xm=M 

and  for  xk 

d<f>(x)_ 

dx 
where  d2(fi(x)/dx2  is  — . 

It  is  to  be  noted  that  there  is  often  more  than  one  value  for  xh. 

The  allowable  difference  between  the  actual  frequency  -  -  and  the 

probability  <j>(x)dx  for  each  value  of  x  can  be  determined  by  Ber- 
noulli's theorem. 

When  the  object  of  the  statistical  measurements  is  merely  the 
determination  of  the  objects  measured  under  a  single  set  of  conditions, 
the  result  is  generally  presented  in  the  form  of  a  curve  of  frequency; 
thus,  all  values  and  their  weights  being  given,  there  is  no  need  of  a 
selection  of  any  representative  value.  In  scientific  work,  however, 
the  purpose  is  generally  to  determine  the  change  in  the  results  as 
dependent  on  a  change  of  conditions  ;  and  the  observed  value  is 
treated  as  a  function  of  one  of  the  conditions.  Given  x=f(z)  to 
determine  a*  for  each  value  of  z  where  the  measurements  for  each 
value  of  x  are  numerous.  Such  an  example  would  be  furnished  by 
measuring  10  000  persons  each  year  to  determine  the  law  of  depen- 
dence of  height  on  age.  Although  the  curve  of  frequency  of  heights 
at  each  year  could  be  made  out,  still,  aside  from  the  impracticability 
of  so  much  labor  in  most  cases,  it  would  be  impossible  to  give  any 
intelligible  expression  to  the  law  of  relation.  Some  representative 
value  or  values  must  be  picked  out  for  each  step  of  the  change. 
Owing  to  the  fact  that  &v,  xm  and  xh  almost  never  coincide,  it  is  very 

desirable  that  all  three  shall  be  given.     There  will  thus  be  three 
curves, 
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The  changes  in  relative  position  of  these  values  indicate  changes  in 
the  character  of  the  quantity  measured.1 

II.  Results  not  numerous  but  </>(.<■)  known.  The  law  of  frequency 
can  be  considered  to  be  known  :  l.  when  numerous  results  have 
been  taken  <>n  previous  occasions  under  the  same  circumstances 
whereby  the  law  of  frequency  has  been  determined  with  the  requi- 
site accuracy ;  ■_'.  when  a  knowledge  of  the  circumstances  indicate- 
what  the  law  must  be. 

In  this  connection  it  may  be  well  to  call  attention  to  the  fact  that 
the  statement  of  the  law  of  error  as 

^<')=^-y~"  en) 

-  (a)  on  the  assumption  that  the  average  is  the  most  prob- 
able value,  (b)  on  the  assumption  that  experience  has  shown  such 
a  law  to  be  true,  (c)  on  the  fact  that  it  is  the  limiting  form  for  com- 
binations of  symmetrical  frequency  curves,  or  {d)  on  the  simplicity 
of  treatment  thereby  rendered  possible.  I  have  already  pointed 
out  that  Gauss  clearly  recognized  and  distinctly  stated2  [a)  as  an 
assumption,  and  that  long  experience  has  shown  (b)  not  to  be  strictly 
justifiable.  This  law  of  error  has  done  probably  better  service  in 
astronomy  than  any  other  could  have  done  and  long  familiarity  with 
both  assumptions  has  made  them  appear  almost  as  axioms.  Wein- 
STEi.NV  who  is  careful  to  call  attention  to  the  fact  that  the  assumption 
(")  is  not  an  axiom,  is  mistaken  in  asserting  that  Gauss  regarded  it 
as  such.  Weinstein  is  also  mistaken  in  supposing  that  Schjapar- 
elli4  attempted  to  prove  analytically  that  the  average  is  the  most 
probable  result.  Sciiiaparki.li  showed  that  under  certain  assump- 
tions the  average  is  the  most  plausible  mean,  and  stated  that  it  be- 
comes  the  most  probable  mean  only  when  (11)  is  the  law  of  error. 

According  to  Feeeeeo5  the  utmost  defence  of  the  use  of  the  arith- 
metic mean  for  all  ca-e-  is  that,  when  the  observations  are  closely 
grouped,    no    mean    will    differ    much    from    the    arithmetic    mean. 

Apparently  still  more  axiomatic  is  the  law  <f>(  —  v)  =  <f>(  +  v).     By 


1  Bowth  owth  of  children,  XXII  Annual  Rept.  Mass.  State  Board  of  Health, 

479  (49. "m,  Boston  1891. 

motus  corp.  coel.,  II,  3,  17  7. 
3  Wein'steix.  Physikalische  Maassbestimmungen,  I  46,  Berlin  18S6. 

hiai'arelu,    Sur  le  principe  de  hi   moyem  ihmetiqtie,   Astr.  Xachr.,   1876 

LXXXVII  55. 

6  Fekreko,    Esposizione  del  metodo  dei  mininimi  quadrati,  Firenze  1876.     (I  take 
the  statement  from  a  review  by  Peiboe,  Am.  Jour.  Math.,  1878  I  59.) 
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most  writers  it  is  so  regarded.  Nevertheless  Gauss  makes  the 
statement  purely  as  a  hypothesis1  and  Lapla.ce  gives  a  special  para- 
graph to  the  consideration  of  unsymmetrical  facility." 

Even  if  not  assumed  as  an  axiom  the  law  is  almost  universally  sup- 
posed to  have  been  verified  by  experience.  It  is  not  in  place  here  to 
consider  whether  it  has  been  verified  for  astronomical  measure- 
ments or  not.3  It  has  not  been  verified  for  psychological  measure- 
ments. Since  the  errors  of  observation  in  astronomy  are  in  part 
due  to  psychological  causes,  it  seems  likely  that  all  astronomical 
records  involving  an  observer  would  show  some  assymmetrv. 

The  assumption,  without  proof,  that  this  law  always  holds  good 
and  that  all  cases  of  assymmetry  are  cases  of  constant  or  systematic 
error,  is  purely  arbitrary. 

It  is  thus  evident  that  many  of  the  cases,  supposed  to  belong  in 
this  section,  really  belong  to  the  following  one  where  <}>(x)  is  unknown. 

According  as  <f>(x)  is  (A.)  symmetrical  or  (B.)  assymmetrical  the 
treatment  of  the  results  and  the  selection  of  the  representative  value 
will  be  different. 

A.  Symmetrical  results.  When  the  curve  of  frequency  is  symmet- 
rical, the  ordinate  of  middle  area  and  the  ordinate  of  the  centroid 
will  be  the  axis  of  symmetry.'  Thus  xm=x:  and  M=A  within  the 
allowable  limits  of  error  corresponding  to  the  required  certainty. 

If,  according  to  usual  experience,  the  extreme  values  occur  less  fre- 
quently than  those  between  the  extremes,  x,t  will  in  general  be  the 
same  as  xm  and  Xc,  and  will  be  represented  by  31  and  A.  The  curve 
of  probability  may,  however,  have  several  maxima,  none  of  which 
may  fall  at  x  . 

In  a  general  fashion  the  law  of  frequency  for  physical,  geodetical 
and  astronomical  measurements  has  been  found  to  resemble  (11). 
This  law  was  not,  however,  originally  established  on  the  basis  of  expe- 
rience, but  was  deduced  as  a  necessary  result  of  the  arbitrary  assump- 
tion that  A  is  the  most  probable  value.6 

Although  it  has  been  approximately  verified  on  many  occasions,  a 
closer  examination  shows  considerable  disagreement  in  the  assymmet- 

1  Gauss,  Theoria  combinationis  observationum,  I,  5. 

2  Laplace,  Theorie  analyt.  d.  prob.,  3.  ed..  329,  Paris  1820. 

3  De  Forest,  On  an  unsymmetrical  probability  curve,  Analyst  1882  IX  135,  142  ; 
1883  X  1,  67  (71). 

4  De  Forest,  On  unsymmetrical  adjustments  and  their  limits,  Analyst,  1880  Til  1. 
6  Edgeworth,  Observations  and  statistics,  Trans.  Camb.  Phil.  Soc,  XIV  138  (161). 
6  Gauss,  Theoria  motus  Corp.  coel,  II,  3,  177. 


36  /•-".    II*.   Scripture, 

rical  position  of  .<•■,  and  in  the  undue  number  of  extreme  values. 
Ni  wcOMBeven  concludes  thai  cases  where  it  is  fully  valid  are  excep- 
tional.1 

In  any  ease  of  symmetry,  whether  (11)  is  valid  or  not,  the  median 
and  the  average  y,  ill  be  theoretically  the  same. 

Since  the  number  of  results  is  small  and  since  according  to  the 
principles  of  probability  it  is  seldom  likely  that  in  a  small  set  of 
measurements  the  values  will  be  actually  symmetrical,  the  median 
and  the  average  will  frequently  differ  within  the  limits  consistent 
with  theoretical  symmetry.  For  facility  curves  of  the  ordinary 
exponential  form  the  average  is  most  advantageous2  as  giving  a 
smaller  probable  and  a  smaller  huge  error;3  for  curves  very  high  in 
the  center  and  widely  extended  at  the  extremes  the  median  has  the 
advantage  for  the  same  reasons.4  In  neither  case  is  the  advantage 
reat  one;  in  fact,  when  the  ordinary  law  of  probability  is 
assumed,  it  is  practically  indifferent  which  is  used. 

It  is  noteworthy  that  De  Forest  apparently  proves  that,  on  the 
supposition  of  a  symmetrical  probability-curve,  the  influence  of  the 
small ness  of  the  number  of  results  renders  a  symmetrical  adjustment 
of  the  mean  less  probable  than  an  unsymmetrical  one.6 

B.  Assymmetrical  results.  When  the  law  of  frequency  is  not 
symmetrical,  the  vaules  xm  and  .<•-  can  correspond  only  in  those  cases 
where  the  centre  of  area  falls  on  the  centroid  by  some  peculiar 
formation  of  the  curve.  Such  cases,  if  they  ever  actually  occur, 
are  to  be  treated  as  cases  of  symmetry. 

In  nearly  all  psychological  and  statistical  measurements  the  curve 
of  probability  is  assymmetrical.  If  the  abscissa  of  maximum  ordi- 
nate be  determined,  the  values  above  it  will  be  found  to  be  much 
more  frequent  than  those  below  it.  That  is,  xm~^>xh.  For  all  assym- 
metrical curves  of  this  general  form,  as  the  assymmetry  increases,  av 
departs  moie  rapidly  than  xm  from  the  main  mass  of  results,7  and 
consequently  does  not  represent  them  so  well. 

The  general  expression  for  the  usual  cases  of  assymmetry  has  been 

'  NEWCOMB,  A  generalized  theory  of  the  combination  of  observations,  Am   Jour.  Math., 
1886  VIII  343. 
2  Laplace,  Theorie  analyt  des  prob,  2  Suppl.,  ?'  '-'. 
:  Meeeimak,  Method  of  Leasl  Squares,  New  York  1894. 

4  Edgewobth,  0  .  Trans.  Camb.  Phil.  Soc,  XIV  138(167). 

:  BdgewoBTH,  Choke  of  means,  Phil.  Mag.,  1887  (.V)  XXIV  268  (270). 
*  Dk  FOREST,  On  an  uns<.  cal  probability  curve,  Analyst,  1883  X  67  (74). 

'  De  Forest,  On  an  unsymmetrical  probability  curve,  Analyst,  1883  X  67. 
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deduced  by  De  Forest.1  It  includes  constants  determined  from 
the  squares  and  cubes  of  the  errors.  Any  method,  however,  that  intro- 
duces more  calculation  than  the  usual  average  will  be  at  even  greater 
disadvantage  than  that  value. 

If  F'echner's  law  of  the  estimate  of  differences  of  sensation  could 
be  relied  upon  in  all  cases,  the  best  representative  value  would 
unquestionably  be  the  geometric  mean.  If  the  geometric  mean  g  be 
assumed  as  the  most  probable  value,  it  is  easily  shown  that 

*(*)=B/(logi/ 

which  with  the  usual  assumptions  becomes8 

h      -ft2  (log  —  Y 

Vtt 

The  general  result  of  experience,  however,  goes  to  show  that  <f>(r) 
is  of  a  form  intermediate  between  (11)  and  (19). 

For  cases  of  assymmetry  the  most  natural  representative  value  to 
take  would  be  xh.  As  this  is  not  determinable  from  few  results, 
some  other  value  must  be  used.  Any  other  value. would  be  justifi- 
able only  from  a  consideration  of  the  purpose  for  which  it  is  wanted. 
There  is  no  reason,  as  far  as  I  can  see,  for  taking  any  one  of  the 
values  around  the  maximum  rather  than  any  other  one  except  in  so 
far  as  it  comes  nearer  the  maximum.  If  we  are  to  take  xm  or  Xr  and 
not  xh,  the  middle  value  .<*m  would  be  the  better  on  account  of  its 
nearness  to  xk. 

III.  Few  results  and  unknown  $(.>•).  Since  it  is  impossible  from 
the  few  results  given  to  make  any  deductions  concerning  </>(.<),  it  is 
evident  that  other  things  being  equal,  that  value  will  be  preferable 
for  which  the  fewest  assumptions  need  to  be  made. 

Let  it  be  assumed  that  the  curve  of  frequency  is  symmetrical. 
Then  x:=xm.  One  value  is  as  good  as  the  other,  for  both  should  be 
the  same.  The  value  of  maximum  probability  xh  cannot  be  directly 
calculated.  For  any  assumed  form  of  cf>(x),  a  comparison  of  the 
mean   variation,  the  mean-square-error  and  the  probable  error  will 

1  Deforest,  On  an  unsymmetrical  probability  curve,  Analyst,  1882  IX  135,  161; 
1883  X  1,  67. 

-  McAlister,  On  tlie  law  of  the  geometric  mean,  Quart.  Jour.  Pure  a.  Appl.  Math  , 
1880  XVII  175. 

McAlister,  The  law  of  the  geometric  mean,  Proc.  Roy.  Soc.  Lond.,  1879  XXIX 
367. 
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show  whether  they  stand  in  the  proportions  required  by  the  assump- 
tion for  <£(/•!. 

Since  <f>(x)  is  in  general  unknown,  <>r  only  roughly  suspected,  it 
»mes  desirable  to  either  occasionally  or  constantly  compare  Xr 
and  .i\  in  order  to  judge  of  the  symmetry  or  assymmetry  of  </>(#). 

For  a  symmetrical  curve  .<•;=.<■  .  If  for  a  supposed  symmetrical 
curve  over  ■■_=•'•  the  values  /•',  s'  and  /x'  have  meanings  as  denned 
on  p.  ?  and  if  r,  s  and  /x  be  the  corresponding  values  for  xm,  it  can 
be  expected,  according  to  Bates's  theorem,   with  a  probability  of 

7 
4>(y)=— 4l     fe-f  dt 


0 


that 


or  since 


then 


/•'      r         .  /2r* 

-=-±yy  — 


r  _     1 


Instead  of  Xr  and  xm  we  have  3f=xm±r]  and  A=Xp±t  where  rj  and 
«  are  determined  by  (12)  and  (13).  It  would  not  be  difficult  to  cal- 
culate on  general  principles  the  limits  of  difference  between  M  and 
A  within  which  we  could,  with  a  given  degree  of  probability,  sup- 
pose that  the  law  is  symmetrical.  For  the  present  I  will  assume 
that  the  desired  degree  of  probability  is  50^=^  and  that  the 
question  to  be  decided  is  the  symmetry  or  assymmetry  of  a  curve 
whose  equation  is  given  in  the  case  of  symmetry  by  (11). 

If  the  curve  be  symmetrical  around  the  average,  the  probable 
error  r  of  the  variations 

■'■—A,         (*=1,  2,  .     .     .,  n) 

will  be  the  limit  of  variation  for  A.  If  the  curve  be  symmetrical 
around  the  median,  J/ can  be  considered  as  representing  the  average 
of  such  a  curve;  the  probable  error  r'  calculated  from 

xk-M,         (k=  1,  2,  .     .     .  n) 

will  give  the  limit  of  variation  for  M.  Let  the  difference  between 
the  average  and  the  median  be  denoted  by 

l=A-  M. 
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R  +  r' 

As  long  as  the  limits  of  r  and  r'  overlap,  that  is,  -  — — <^A  —  31,  the 

R  -I-  r' 

presence  of  assyrametry  cannot  be  asserted.    But  when ^>A  —  31, 

it  can  be  said  with  a  probability  of  50^  that  the  curve  is  assyra- 
metrical. 

If  31  and  A  indicate  symmetry  in  a  large  number  of  cases,  either 
of  these  values  can  be  used  in  similar  cases  for  the  reason  that  both 
are  practically  the  same. 

If  they  indicate  assymmetry,  there  are  the  same  reasons  for  pre- 
fering  31  to  A  as  in  the  case  of  known  <j>{x)  considered  above. 


To  Profs.  Gibbs,  Newton  and  Elkiu  of  Yale  and  Prof.  Merriman 
of  Lehigh,  I  am  under  very  great  obligations  for  discussion,  criti- 
cism and  correction.  Of  course,  they  are  in  no  wise  responsible  for 
my  deductions  or  conclusions,  from  which  each  one  dissents  at  some 
point.  Nevertheless,  any  value  this  article  may  have  is  due  to  their 
patient  labor  with  one  who  is  not  a  mathematician  but  who  is  obliged 
to  use  mathematical  means  to  solve  practical  problems. 


RESEARCHES    ON    THE   MENTAL    AND    PHYSICAL  DE- 
VELOPMENT  OF    SCHOOL-CHILDREN, 

BY 

J.  Allen  Gilbert,  Ph.D. 


Infant  development  during  the  ages  from  3  to  6  has  been  treated 
rather  extensively,  but  so  far  as  systematic  scientific  work  is  con- 
cerned,  very  little  has  been  done  m  the  study  of  the  child  during  the 
years  spent  in  school  except  in  the  line  of  bodily  growth  in  weight, 
height,  chest-capacity  and  the  like.  In  measuring  mental  processes 
almost  nothing  lias  been  done.  The  work  of  Bolton1  on  the  growth  of 
memory  in  school-children  has  brought  out  a  valuable  subject  but 
would  have  been  of  far  greater  value  had  its  statistics,  which  were 
obtained  from  careful  work,  been  presented  in  more  intelligible  form. 
The  suliject  of  voluntary  motor  ability  has  been  treated  by  Bryan." 
Hearing  has  been  investigated  by  Chrisman.8 

Last  year  I  carried  through  a  series  of  tests  on  school-children  to 
determine  their  sensitiveness  to  differences  in  pitch,4  and  through 
this  and  the  problems  it  suggested  I  was  led  to  continue  my  investi- 
gations on  a  much  larger  scale  in  order  to  aid  in  that  analysis  of 
mental  phenomena  which  is  so  necessary  to  an  understanding  of  child- 
psychology.  The  present  investigation  was  undertaken  with  the 
determination  to  carry  through  a  regular  set  or  series  of  accurate 
mental  and  physical  tests  upon  school-children  from  6  to  17  years  of 


The  work  has  occupied  most  of  my  time  during  the  academical 
year  1893-1894,  the  larger  part  of  the  fall  term  being  spent  in  the 
invention  and  construction  of  apparatus  used  in  taking  the  tests.  In 
the  furtherance  of  my  work  I  am  specially  indebted  to  the  following 
persons  :  to  Dr.  E.  W.  Scripture,  who  has  charge  of  the  Laboratory 
and  was  always  ready  to  assist  any  endeavors  at  honest  work;  for 


■Bolton.  Growth  ory  in  school-children,  Am   Jour.  Psych.,  1893  IV  919. 

1Beyas  development  of voh  'ability,  Am.  Jour.  Psych.,  1893  V  123. 

3  Chuismax.  Tht  hearing  or  children,  Ped.  Sem.,  1893  II  397. 

[lbert,    Eopperiments  on  the   musical  sensitiveness  of  school-children,  Stud.  Yale 
Psych.  Lab.,  1893  I  30. 
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his  assistance  I  am  truly  grateful  ;  through  his  suggestions  I  was 
led  to  take  up  this  investigation.  To  Mr.  V.  G.  Curtis,  superintendent* 
of  schools  of  New  Haven,  for  the  permission  to  enter  the  schools 
with  my  tests  and  for  his  kindly  interest.  I  wish  also  to  express  my 
gratitude  for  the  kindness  and  accommodation  offered  by  Miss  Web- 
ster, Messrs.  Camp,  Hurd  and  Thomas,  principals  of  Welch,  Dwight, 
Winchester  and  High  Schools  respectively;  to  Miss  Treat,  assistant 
at  Welch  for  the  time  spent  on  tests  (1)  to  (3),  together  with  all  the 
teachers  at  the  respective  schools  who  were  helpful  during  the 
months  occupied  in  taking  the  tests  ;  to  Dr.  C.  B.  Bliss,  fellow  and 
assistant  at  the  Psychological  Laboratory,  for  much  of  his  time  and 
many  suggestions  in  the  preparation  of  apparatus  and  prosecution 
of  my  work  throughout ;  to  Mr.  llogan,  the  laboratory  mechanic, 
for  his  assistance  in  the  construction  of  apparatus.  To  Professor 
Williams  I  am  indebted  for  the  idea  embodied  in  the  suggestion- 
test.  Valuable  suggestions  were  also  received  from  Professor  Ladd, 
who  has  throughout  shown  a  kindly  interest  in  my  work. 

Mfcthods  and  apparatus. 

Each  child  was  tested  in  the  following  respects  :  nmsele-sense, 
sensitiveness  to  color-differences,  force  of  suggestion,  voluntary 
motor  ability,  fatigue,  weight,  height,  lung-capacity,  reaction-time, 
discrimination-tirne  and  time-memory.  Tin  sets  of  special  apparatus 
were  constructed  for  each  of  the  first  three  tests. 

Test  (1)  :   Muscle-sense. 

In  this  test  each  set  of  the  apparatus  consisted  of  ten  weights 
varying  from  82K  to  100g  in  steps  of  two  grams  each.  The  weights 
were  brought  to  the  exact  weight  within  50mg.  In  order  to  get  at 
mere  muscle-sense  or  sensitiveness  to  weight,  which  is  the  aim  of  this 
test,  heat,  cold  and  roughness,  which  would  distract  the  attention 
from  this  one  sensation  of  weight  in  consciousness,  must  necessarily 
be  avoided.  To  avoid  heat  and  cold,  cartridge  shells  Avere  used, 
giving  a  paper  surface,  which  is  a  non-conductor.  Uncapped  shells 
were  cut  in  two,  giving  a  cylinder  2.3cm  in  diameter  and  3.8cm  long. 
These  were  tilled  with  lead  disks  and  brought  to  within  100mg  of  the 
weight  desired.  In  order  to  avoid  sensations  of  roughness,  they 
were  painted  with  asphalt,  which  leaves  a  hard  glazed  surface,  rais- 
ing the  weight  to  within  50rag.  A  cylinder  of  the  size  named  and 
filled  as  described  makes  a  weight   comparatively  heavy  and  still  of 
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sufficiently  small  size  to  l>e  grasped  easily  endwise  between  the 
thumb  and  finger  by  a  six-year-old  child.  In  cutting  the  lead  disks 
with  which  the  shells  were  filled,  the  puncb  was  so  constructed  as  to 
press  the  disk  into  convex-concave  shape  before  cutting  it  from  the 
sheet  of  lead.  These  were  placed  with  concavity  to  concavity  and 
on  being  pounded  down  of  course  flattened  out  and  consequently 
became  of  diameter  large  enough  to  press  firmly  against  the  side  of 
the  shell,  thus  avoiding  any  jostling  sideways  within,  while  they 
were  also  bound  tightly  one  by  the  other,  thus  avoiding  any  jostling 
endwise.  To  get  them  of  different  weights  sufficient  cartridge-wads 
were  used  in  place  of  lead  disks.  Each  weight  was  marked  by  a 
secret  sign  to  indicate  its  weight.  For  each  set  a  box  was  then 
made  of  appropriate  size  in  order  to  avoid  any  mixing  of  the  sets  in 
taking  the  tests. 

In  taking  the  tests  the  lightest  one,  marked  by  a  white  speck  on 
the  end  and  weighing  82s  was  used  as  the  standard.  The  child 
received  the  box  of  weights  and  was  told  to  sort  out  all  those  which 
seemed  to  him  to  be  of  exactly  the  same  weight  as  the  one  with  the 
white  speck  on  the  end,  lifting  them  endwise  between  thumb  and 
finger.  To  avoid  the  effects  of  fatigue  on  the  sensitiveness  to 
weight,  each  child  was  given  only  two  trials  on  each  block,  lifting 
it  and  the  standard  alternately.  The  successive  steps  between  the 
weights  being  two  grams,  the  number  of  blocks  selected  as  being  of 
the  same  weight  when  multiplied  by  2  would  indicate  in  grams  the 
threshold  for  discrimination  to  weight  for  that  child. 

Test  (2) :  Sensitiveness  to  color-differences. 

Just  as  in  the  preceding  test  we  were  in  search  of  the  threshold 
for  discrimination  to  weight  or  least  perceptible  difference  in  weight, 
so,  in  this  test  it  was  the  aim  to  find  the  threshold  for  discrimination 
to  color  or  the  least  perceptible  difference  in  shade  of  one  color. 
This  test  consisted  of  a  series  of  ten  shades  of  red  so  closely  graded 
that  no  two  successive  colors  or  shades  could  be  distinguished  except 
by  an  experienced  eye.  Gray  would  have  been  preferable  and  in 
fact  was  tried  previously  to  red,  but  owing  to  the  fact  that  all  goods 
are  bleached  with  sulphur,  no  matter  how  well  scoured  before  dyeing, 
traces  of  red  could  be  found  running  through  the  gray. 

Ten  pieces  of  woolen  cloth  of  fine  texture  were  first  dyed  a  suitable 
red  by  a  practical  dyer  under  my  supervision.  After  the  ten  pieces 
were  removed  from  this  coloring  solution,  which  left  theni  all  exactly 
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of  the  same  color,  a  very  small  portion  of  dye  was  added  to  the  boil- 
ing vat,  thus  making  the  fluid  slightly  darker.  One  of  the  pieces  was 
again  boiled  in  this,  making  it,  when  removed,  very  slightly  darker 
than  before.  To  this  last  solution  was  again  added  a  small  portion 
of  dye  in  which  a  third  piece  was  boiled  and  so  on,  adding  for  each 
successive  piece  of  cloth  an  equal  portion  of  dye  and  giving  thus  a 
series  of  shades  each  differing  from  the  others  in  a  very  slight 
degree.  Each  of  this  series  of  ten  was  then  fixed  firmly  in  a  ring  so 
as  to  exhibit  the  color  and  yet  protect  it  from  being  handled.  This 
ring  was  a  hollow  cylinder  with  a  narrow  shoulder  on  one  end,  the 
edge  of  which  was  beveled  so  as  to  avoid  any  shadows  being  thrown 
on  the  color.  The  colored  cloth  was  stretched  firmly  across  the  end 
of  a  circular  block  which  was  driven  into  the  ring,  holding  the  color 
firmly  against  the  shoulder.  The  circle  in  which  the  color  was 
exposed  was  3cra  in  diameter.  The  eastings  were  then  painted 
a  dull  black  so  as  to  avoid  any  reflection  of  light  which  might 
affect  the  color.  Each  block  was  then  marked  with  a  secret 
mark  according  to  the  place  it  held  in  the  series.  To  avoid  getting 
them  mixed  in  taking  the  tests,  a  small  box  was  made  for  each  set 
of  ten. 

In  taking  the  tests  the  block  containing  the  lightest  shade,  painted 
white  on  the  bottom  to  distinguish  it,  was  used  as  the  standard  with 
which  to  compare  the  rest.  The  child  was  given  a  box  containing 
one  set  and  told  to  pick  out  all  those  shades  of  red  which  were 
exactly  like  the  one  painted  white  on  the  bottom.  The  number  of 
those  selected  as  being  alike,  including  the  standard,  was  then 
recorded.  The  number  of  colors  picked  out  would  indicate  the 
threshold  for  discrimination  to  color  for  that  child  and  by  averaging 
the  individual  results  the  discrimination  for  the  respective  ages  was 
obtained. 

Test  (3):  Force  of  suggestion. 

The  aim  in  this  test  was  to  measure  the  effect  of  our  ideas  of  a 
thing  formed  by  the  sense  of  sight  upon  those  formed  by  the 
muscle-sense,  in  particular  to  get  the  effect  of  bulk  in  a  thing 
upon  our  judgment  of  what  it  should  weigh.  As  a  first  attempt, 
a  set  of  ten  blocks  was  made,  each  weighing  55s  with  an  accu- 
racy of  50m«.  All  were  2.8cm  thick  but  varied  in  diameter  from 
2.2cra  to  8.2cm  in  a  geometrical  series,  in  order  to  make  the  sensa- 
tions increase  in  an  arithmetical  series  according  to  Weber's  law. 
On  taking  a  number  of  tests  with  this  set,  asking  the  subject  of  the 
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experiment  to  arrange  them  in  order  according  to  their  respective 
weights,  the  decision  was  universal  that  the  smallest  one  seemed 
heaviest  and  the  largest  one  lightest,  the  others  ranging  between 
those  two  extremes  with  weights  inversely  proportional  to  their  size. 
Now,  in  order  to  measure  the  amount  of  the  suggestion  offered  by 
the  l»ulk  tit'  the  blocks,  all  being  of  the  same  weight  in  reality,  a 
series  of  fourteen  blocks  was  made,  each  being  2.8C"'  lone:  and  3.5cm 
in  diameter  but  all  of  differenl  weights,  ranging  from  15*  to  18^  in 
weight.  In  order  to  get  the  different  weights  in  the  same  sized 
blocks,  holes  were  bored  out  of  the  center  of  a  size  directly  propor- 
tional to  the  weight  desired  and  tilled  with  lead.  This  could  then  be 
easily  bored  out  till  the  exact  weight  for  each  was  reached.  The 
lead  was  then  concealed  by  a  cartridge-wad,  which  also  served  the 
purpose  of  a  center  to  the  block  on  each  end  by  which  to  grasp  it 
when  lifting.  The  position  of  each  block  in  the  series  of  fourteen 
was  then  marked  plainly  on  one  end. 

In  taking  the  tests  for  measuring  the  amount  of  suggestion  offered 
by  the  difference  in  bulk,  the  very  large  weight  and  the  very  small 
weight  were  given  to  the  child  in  connection  with  the  series  of  four- 
teen blocks,  the  weight  of  the  large  and  small  standards  being 
unknown  to  the  child.  He  was  asked  to  pick  out  of  the  fourteen 
blocks  the  one  that  seemed  to  him  to  be  of  the  same  weight  as  the 
small  standard  and  also  the  one  of  the  same  weight  as  the  large 
standard,  lifting  them  endwise  between  the  thumb  and  finger. 
The  small  block  was  first  lifted;  then  the  end-one  of  the  14  blocks 
was  lifted.  If  it  was  apparently  lighter,  the  second  block  of  the 
14  was  tried.  If  this  was  also  lighter,  the  third  was  tried.  This 
was  continued  till  that  block  of  the  14  was  reached  which  was  appa- 
rently equal  to  the  small  block.  Its  number  was  noted.  Then  the 
large  block  was  compared  successively  with  those  of  the  14  till  an 
apparently  equal  one  was  reached.  The  weight  of  the  small  one  was 
the  same  as  that  of  the  large  one.  The  amount  of  suggestion  offered 
by  the  difference  in  bulk,  could  then  be  measured  in  grams  by  taking 
the  difference  in  weighl  between  the  two  blocks  chosen  as  being 
the  same  weight  as  the  large  and  small  standards  respectively.  One 
heavier  than  ■<■>-  was  always  chosen  for  the  small  one  and  one  lighter 
than  55-  was  always  chosen  for  the  large  one,  as  will  be  explained  in 
the  discussion  of  results. 

The  first  three  tests  just  described  were  taken  on  desks  adapted 
to  the  size  of  the  child,  thus  subjecting  all  to  the  same  influences  in 
lifting.     The  desk  was  of  such  height  as  to  throw  the  fore-arm  paral- 
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lei  with  the  floor.  These  first  three  tests  were  given  to  the  child  in 
the  order  in  which  I  have  recorded  them,  thus  throwing  the  color-test 
in  between  the  two  weight-tests,  giving  no  chance  for  the  fatigue  of 
test  (1),  should  there  be  any,  to  be  carried  over  into  test  (3). 

Test  (4):    Letter-memory. 

This  was  omitted  because  of  the  impossibility  of  accurate  work 
with  letters. 

Test  (6):    Weight. 

The  weight  of  the  children  was  taken  on  a  balauce-scale  weighing 
with  an  accuracy  of  one-quarter  of  a  pound.  Ordinary  in-door 
clothing  was  worn. 

Test  (7):    Height. 

The  Seaver  measuring-rod,  marked  off  in  both  inches  and  centi- 
meters, was  used.  It  is  composed  of  a  straight  stick  with  a  sliding 
arm  projecting  at  right  angles.  Placing  the  stick  perpendicular  to 
the  floor  by  sighting  it  parallel  with  a  door-frame,  the  sliding  arm  was 
made  to  touch  the  head  of  the  child  and  then  read  off  in  tenths  of  a 
centimeter,  as  marked  on  the  stick.  The  height  was  taken  with 
shoes. 

Test  (8):  Lung -capacity. 

The  Standard  wet  spirometer  was  used.  This  consists  of  a  cylin- 
drical vessel  nearly  filled  with  water,  through  the  center  of  which  a 
tin  tube  projects,  connected  at  the  lower  end  with  a  rubber  tube 
through  which  the  experimentee  exhales  the  air.  Over  this  tin  tube, 
projecting  in  the  center  of  the  vessel  of  water,  a  tin  cylinder,  closed 
at  one  end,  is  inverted  and  allowed  to  sink  in  the  water  by  opening 
a  stop-cock  at  the  bottom,  letting  out  the  air  confined  in  the  vessel 
by  the  water.  An  index  finger  pointing  to  a  scale  on  a  support  on 
one  side,  marked  off  in  cubic  inches,  is  fastened  to  the  movable  cylin- 
der. As  air  is  blown  into  the  tube  the  hollow  cylinder  rises,  marking 
off  on  the  scale  the  number  of  cubic  inches  blown  into  it.  The 
weight  of  the  tin  cylinder  is  balanced  by  weights  hanging  on  pul- 
leys above,  so  that  very  little  pressure  is  required  to  raise  the  cylin- 
der by  blowing. 

The  child  was  told  to  inhale  into  its  lungs  all  the  air  they  possibly 
could  contain  and  then  to  exhale  it  through  the  tube  into  the  spirom- 
eter, emptying  his  lungs  as  completely  as  possible.  The  cubic  inches 
were  reduced  to  cubic  centimeters  for  the  final  averages  of  each  age. 
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Til  r    BE  \«   MON-BOARD. 

Since  mental  tests  on  children  have  never  been  taken  to  any  great 
extent,  there  was  consequently  no  suitable  apparatus  at  hand  for 
such  tests.  The  carrying  out  of  my  experiments  necessitated  the 
construction  of  what  may  be  called  the  reaction-board,  arranged  for 
taking  tests  (■">).  (9),  (10)  and  (11).  This  was  constructed  on  an  oak 
board  33  centimeters  square,  tig.  5.     The  main  parts  are  the  electro- 


&  * 
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magnetic  tuning-fork  A  vibrating  one  hundred  times  per  second, 
the  double-post  switch  B,  the  stimulating  apparatus  C,  the  reacting- 
key  E,  the  tapping-apparatus  F,  the  commutator  G  and  the  Ewald 
chronoscope  H.  The  board  is  raised  from  the  table  by  four  short 
legs  so  as  to  permit  insulated  wires  to  pass  beneath  connecting  the 
different  parts  of  the  apparatus  through  holes  piercing  the  board. 
One  leg  d  is  an  adjustable  screw  by  which  the  board  can  be  fitted  to 
any  surface  upon  which  it  may  be  placed.  Two  separate  Grove 
batteries  had  to  be  used,  one  connected  with  the  wires  la  U  and  the 
other  with  lb/  IIA.  Current  Ha  lib  simply  passes  through  the 
tuning-fork  A,  when  the  bar  p  of  the  commutator  is  left  in  the 
position  in  which  the  spring  naturally  holds  it,  viz:  connecting  the 
two  posts  8  and  «'.    Thus,  the  tuning-fork  is  kept  in  constant  motion. 
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The  chronoscope  is  composed  of  an  electro-magnet  with  the  arma- 
ture connected  with  a  small  lever,  one  end  of  which  rests  against  a 
toothed  wheel  connected  with  the  linger  on  the  dial  visible  at  H. 
Every  time  a  current  is  made  to  pass  through  the  electro-magnet  it 
draws  the  lever,  thus  moving  the  wheel  and  the  finger  on  the  dial 
one  mark.  The  circle  on  the  dial  of  the  chronoscope  is  divided  into 
one  hundred  parts  and  thus,  if  the  chronoscope  is  thrown  into  a 
current  connecting  it  with  the  tuning  fork  A,  which  vibrates  one 
hundred  times  a  second,  the  finger  on  the  dial  makes  one  complete 
revolution  in  one  second.  Every  time  the  fork  vibrates  the  current 
is  made  at  b  by  means  of  an  adjustable  wire  invisible  in  the  figure. 
Every  time  this  current  is  made  at  b  the  chronoscope  moves  one 
mark  and  thus  records  the  number  of  vibrations  made  by  the  fork, 
or,  in  other  words,  measures  in  hundredths  of  a  second  the  length  of 
time  a  current  is  allowed  to  pass  through  it  and  the  fork.  In  order 
to  test  the  chronoscope  it  was  thrown  into  circuit  with  a  time-marker 
on  a  smoked  drum  according  to  a  method  described  by  Blis  To 
verify  results  this  test  was  made  both  before  and  after  the  taking  of 
data.  The  chronoscope  was  found  accurrate  to  the  error  of  scale. 
Owing  to  the  fact  that  the  contact  between  g  and  the  stimulating 
rod  D  is  a  "  make "  contact,  an  error  of  0.005  of  a  second  was 
introduced,  but  in  as  much  as  the  chronoscope  only  records  in 
hundredths  of  a  second,  this  error  would  not  influence  the  results. 

The  apparatus  I  which,  for  my  present  use,  I  have  called  the 
tapping-apparatus,  was  at  first  intended  to  be  used  as  a  habit-key. 
By  unscrewing  I  and  the  screws  binding  the  three  arms  n  to  the  central 
equilateral  triangular  plate  m,  the  plate  m  could  be  turned  to  the 
right  thus  drawing  in  toward  the  center  the  buttons  on  the  ends  of  the 
bars  n.  The  different  radii  of  the  circle  were  measured  off  on  the 
scale  on  the  face  of  the  board  as  the  index  moved  to  the  right  or 
left,  according  as  the  imaginary  circle,  passing  through  the  three 
buttons  on  the  end  of  the  arms  n,  was  desired  smaller  or  larger.  To 
obtain  an  expression  for  habit,  the  child  could  be  told  to  tap  on  the 
three  buttons  going  in  a  circle  to  the  right  as  fast  as  possible,  for 
five  or  ten  seconds,  the  number  of  taps  being  recorded  by  the  chron- 
oscope. After  resting  he  could  then  tap  the  same  length  of  time  in 
the  same  circle.  The  increase  in  number  of  taps,  or  percentage  of 
gain,  in  the  second  trial  over  the  first,  would  express  the  rapidity  of 
forming  the  muscular  habit  of  moving  the  hands  in  a  set  way.     This 


1  Buss,    Researches  on  reaction-time  and  attention,  Stud.   Yale  Psych.  Lab.,    1893 
I  5,  fig.  3. 
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jiven  up  because  it  seemed  impossible  to  get  the  children 
to  keep  on  going  in  a  circle  Bhould  they  miss  one  of  the  buttons; 
instead,  they  would  almost  invariably  stop  and  try  to  correct  their 
misdirected  aim.  Although  this,  however,  would  make  an  interest- 
ing test  on  adults,  it  lay  outside  of  my  problem. 

Test  (5):  Voluntary  motor  ability  and  fatigue. 

By  throwing  the  arm  c  of  the  switch  B  to  the  post  covered  by  it 
when  in  the  position  e  the  current  la  lb  is  made  to  pass  through 
the  wire  la  across  to  the  reaction-key  A]  to  the  binding  post  g,  then 
through  c  in  position  c'  to  the  tapping  apparatus  F\  thence  through 
the  keys  n  and  bars  o  to  the  chronoscope  II  and  finally  back  to  the 
binding  post  lb. 

In  measuring  voluntary  motor  ability,  the  child  was  asked  to  tap 
as  rapidly  as  he  could,  until  told  to  stop,  on  the  button  at  the  end 
of  the  front  key  n.  (losing  the  key  f  closed  the  current  at  every 
point  except  at  the  platinum  contact  between  the  key  n  and  the  bar 
o.  Thus,  every  time  the  child  tapped  on  the  button  of  key  n  the 
contact  was  made  with  the  bar  o  allowing  the  current  to  pass 
through  the  electro-magnet  of  the  chronoscope,  moving  the  finger 
on  the  dial  one  mark.  An  upright  circular  screen  was  fastened  to 
the  edge  of  the  dial  in  order  to  hide  from  the  child  the  record  made. 
The  child  tapped  for  forty-five  seconds.  Shortly  after  he  had 
started  tapping,  the  circuit  was  closed  by  pressing  down  the  key  f 
in  unison  with  one  of  the  strokes  of  a  metronome  which  was 
adjusted  to  heat  seconds.  As  soon  as  the  key  f  was  pressed  down 
by  myself,  the  chronoscope  commenced  recording  on  its  face  each 
tap  made  by  the  child.  At  the  end  of  five  seconds  I  broke  the  cur- 
rent at  /"thus  cutting  off  from  the  chronoscope  any  means  of  record- 
ing the  taps  of  the  child  until  the  current  was  again  made.  The 
child  continued  tapping  simply  to  produce  fatigue.  At  the  end  of 
forty  seconds  I  again  made  the  circuit  at  f  and  took  a  record  of  the 
tap-  made  in  the  last  live  of  the  45  seconds  in  the  same  way  that  the 
first  five  were  taken.  To  measure  off  exactly  5  seconds  I  counted 
0,  1,2,  3,  4,  5  in  unison  with  the  beat  of  the  metronome,  pressing 
down  the  key  f  at  0  and  releasing  it  at  5,  thus  giving  an  interval  of 
5  seconds.  By  this  means  the  control  of  the  5  seconds  was  in  my 
own  hands;  this  avoided  all  such  errors  as  are  sure  to  creep  in  when 
the  child  is  simply  told  to  start  and  stop  tapping  at  word  of  com- 
mand, as  was  done  by  Bryan  in  his  researches  on  voluntary  motor 
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ability.1     In   such  a  case  it  is  very  difficult   to  tell  just  where  the 

counting  of  taps  should  cease,  for  almost  invariably  a  child  adds  a 

stroke  or  two  after  being  told  to  stop.     By  the  method  used  here, 

however,  the  tapping  is  limited  to  exactly  5  seconds.     By  throwing 

the  chronoscope  into   a  current  with  the  tuning-fork,  vibrating  one 

hundred  times  per  second,  I  contrived  a  plan  to  measure  my  own 

accuracy  in  making  and  breaking  the  current  at/" in  unison  with  the 

metronome,  leaving  exactly  5  seconds  intervening.     In  5  seconds  the 

hand  on  the  dial  of  the  chronoscope  should  revolve  5  times.     After 

taking  and  averaging  fifty  trials  at  making  a  5-seconds-interval,  it 

was  found  that  my  average  variation  for  a  single  occasion  in  making 

exactly  the  right  length  of  time  was  only  0.02  sec.     Such  an  error 

would  be  wholly  negligible  since  the  highest  rate  of  tapping  obtained 

Avas  47  taps  in  5  seconds.     The  number  of  taps  made  in  the  first  5 

seconds  can  be  taken  to  represent  the  voluntary  motor  ability  of  the 

child.     It  is  impossible  to  tap  as  rapidly  after  45  seconds  as  at  first; 

by  calculating  the  difference  between  the  two  rates  of  tapping  and 

then  dividing  this  difference  by  the  number  of  taps  made  the  first  5 

seconds,  an  expression  for  fatigue  was  obtained  as  a  per  cent.     If  r 

be  the  number  of  taps  for   the  firsl   5   seconds  and  s  the  number  for 

the  last  5  seconds,  the  degree  of  fatigue  for  40   seconds  of  tapping 

can  be  expressed  by 

r—s 

To  have  expressed  the  fatigue  merely  by  the  difference  between  the 
two  rates  of  tapping  would  not  have  expressed  the  truth  ;  for 
instance,  one  child  who  tapped  19  and  15  for  the  respective  periods 
of  5  seconds,  lost  a  great  deal  more  by  fatigue  than  another,  who 
tapped  38  and  34  respectively;  each  lost  4  taps  but  the  first  lost  21 
per  cent.,  the  second  only  1 1  per  cent. 

Since  fatigue  was  the  principal  problem  I  had  in  view  in  this  test, 
the  elbow  was  held  free  from  the  table  so  as  to  bring  on  fatigue  the 
more  rapidly.  This  also  would  be  the  most  rapid  way  of  tapping, 
for  it  consists  largely  of  a  movement  of  the  wrist  which  is  one  of 
the  most  rapid  joints  for  tapping." 

Test  (10):  React  ion-time. 

By  throwing  the  arm  c  of  switch  B,  fig.  5,  to  the  post  covered' 
when  in  position  c"  current  la  lb  passes,  when  all  points  are  connec- 

1  Bryax,   Voluntary  motor  ability,  Am.  Jour.  Psych.,  1893  V  14. 

2  Bryan,  Voluntary  motor  ability,  Am.  Jour.  Psvch.,  1893  V  171. 
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ted,  from  the  battery  through  wire  1",  through  the  spring  e  to  the 
end  of  the  rod  7>,  thence  thi'ough  the  curved  spring  to  g,  thence  to 
and  through  the  arc  c  of  switch  />'  ;  thence  to  key  <  through  binding 
post  A ;  thence  to  r  of  the  commutator  through  rod  p  when  thrown 
across  from  r  to  r  ;  thence  through  the  chronoscope,  hack  again  to 
tin.'  battery.  Currenl  II"  \M>  is  connected  with  the  following  insuc- 
sion  :  Ha  from  battery,  binding,  posl  a  on  tuning-fork  A  ;  bind- 
ing post  on  the  coil  of  the  fork  ;  s  and  s' of  commutator  G,  finally, 
going  back  to  the  battery  through  wire  lib.  The  coil-spring  on  rod 
p  keeps  it  continually  in  connection  with  the  poles  $  and  s',  thus  keep- 
ing current  II"  W>  always  closed  and  t lie  t uning-fork  in  constant 
motion,  ready  for  use.  Between  r  and  s,  /  and  s1  are  two  small 
pieces  of  hard  rubber  to  insulate  and  carry  the  arm  easily  from  ss' 
to  rr'.  With  the  arm  I>  thrown  back  by  the  spring  e  against  the 
box  h  the  contact  is  merely  broken  between  the  end  of  the  arm  I> 
and  the  curved  spring  fastened  to  the  brass  block  g.  The  child  is 
told  to  press  down  the  key  E  as  soon  as  he  sees  a  movement  of  the 
disk  fastened  to  the  end  />.  By  throwing  the  rod  p  of  the  commu- 
tator G  upon  r  and  >■',  the  current  la  \b  is  closed  at  every  point 
except  where  the  contact  is  broken  between  the  arm  D  and  the 
curved  spring  on  g.  By  throwing  the  arm  I)  into  the  position  seen 
in  the  figure  this  contact  was  made,  completing  the  circuit  and  at  the 
same  time  giving  the  stimulus  for  reaction.  Throwing  the  commu- 
tator into  position  rr',  before  throwing  the  stimulating  rod  D,  served 
as  the  warning  to  the  child  that  the  stimulus  would  come,  as  well  as 
changing  the  current  used,  from  Ha  116,  which  passes  through  the 
tuning-fork  alone,  to  the  current  la  lb  which  passes  through  tuning- 
fork  A,  stimulating  rod  D,  reacting  key  E  and  chronoscope  II  As 
soon  as  contact  was  made  at  g,  by  throwing  the  stimulating  rod  Dy 
the  current,  being  made  and  passing  through  tuning-fork  A,  winch 
is  vibrating  100  limes  per  second,  started,  the  chronoscope  going  at 
tin  rate  of  100  marks  or  one  revolution  per  second.  As  soon  as  the 
break-circuit  key  E  is  pressed,  the  current  is  immediately  broken  ; 
thus  stopping  the  chronoscope.  This  records  the  number  of  hun- 
dredths of  a  second  which  elapsed  between  the  movement  of  rod  D 
by  myself  and  the  pressing  of  the  key  E  by  the  child.  After  the 
reaction,  the  key  E  is  grasped  and  held  down  by  a  small  spring  cc 
until  the  record  can  be  read  from  the  chronoscope  and  recorded. 
Spring  e  also  throws  the  rod  I)  back  into  its  original  position,  break- 
ing the  contact  at  the  spring  on  g  as  before.  After  a  record  is  made 
on  the  card  of  the  number  of  hundredth-  of  a  second  it  took  the  child 
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to  react,  the  spring  x  is  loosened  by  pushing  it  off  the  key  E  by  the 
rod  j  and  the  finger  of  the  chronoscope  is  moved  back  to  0  ready  for 
the  next  test.  Each  child  was  given  ten  trials,  the  median  value  of 
which  was  taken  for  his  reaction-time.  In  order  to  prevent  the 
child  anticipating  the  moment  when  the  stimulating  rod  D  is  to  be 
thrown  by  seeing  the  hand  move,  a  screen  extended  back  over  my 
hand  and  the  apparatus  about  the  part  e,  f  and  g.  This  screen  has 
been  removed  in  the  figure  so  as  to  exhibit  the  keys  e,t/"and  g.  The 
face  of  the  chronoscope  IT  was  also  hidden  from  the  child  by  a  small 
semi-circular  screen  fastened  to  its  edge.  The  Ewald  chronoscope,1 
as  seen  in  the  figure,  is  taken  from  its  usual  stand  and  fastened  to 
the  board  so  as  to  place  it  near  the  commutator,  thus  allowing  it  and 
the  commutator  to  be  manipulated  conveniently  with  the  left  hand. 

Test  (9)  :  Reaction  with  discrimination  and  choice. 

The  apparatus  for  this  test  was  the  same  as  in  simple  reaction 
with  the  addition  of  the  color  apparatus  h  with  rod  i.  Fastened  to 
the  rod  i  and  concealed  in  the  box  h  is  a  slide  nearly  as  wide  as  the 
box  but  only  two-thirds  as  long.  Upon  this  slide  are  glued*  two  pieces 
of  colored  paper,  red  and  blue,  each  taking  up  one-half  of  the  slide. 
By  pushing  in  the  rod  i  till  it  strikes  at  the  end  of  the  box  at  C,  blue 
is  exposed  at  the  opening  in  the  top,  while  red  is  concealed  under 
the  top  of  the  box  between  the  opening  and  the  end  marked  C.  By 
pulling  out  the  rod  i  till  it  strikes  the  other  end  of  the  box  A,  red  is 
exposed.  The  exposure  is  made  when  the  stimulating  rod  D  is  thrown 
into  the  position  seen  in  the  figure.  The  child  was  told  to  react  on 
the  key  JS'if  the  color,  when  exposed,  was  blue,  and  not  to  react  if 
it  was  red  ;  this  compelled  him  to  wait  and  discriminate  between 
red  and  blue  and  also  to  make  the  choice  whether  to  react  or  not. 
First,  the  bar/)  of  the  commutator  G  is  thrown  from  current  ss'  to 
rr',  serving  also  as  a  warning  to  the  child  that  the  stimulating  rod  D 
will  soon  be  thrown  aside.  The  rod  D  is  then  thrown,  whereby  the 
chronoscope  is  started.  Pressure  on  the  key  E  immediately  stops 
the  chronoscope  while  the  spring  x  also  holds  down  the  key  E  until 
the  number  of  hundredths  of  a  second,  counted  off  by  the  chrono- 
scope, can  be  recorded  on  the  record-card.  After  moving  the  finger 
of  the  chronoscope  back  to  0  by  a  wheel  invisible  in  the  figure  and 
releasing  the  spring  x  by  pushing  rod  J,  the  appai'atus  is  ready  for 
the   second   test,  the   commutator^?  having  been  brought  back  to  ss' 

1  Dumkeiciier,  Zur  Messung  der  Reactionszeit,  Inaug.  Diss.  Strassburg  1889. 
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again  by  the  spring  attached  to  it.  That  part  of  the  rod  i  which  is 
not  concealed  by  the  screen  over  the  hand  and  keys  e,f  and  g,  is 
concealed  by  a  wooden  covering  so  as  to  prevent  the  child  from 
knowing  by  the  position  of  the  rod  what  color  will  appear.  For 
reasons  mentioned  below  this  test  preceded  that  for  reaction-time. 

Test  (11)  :    Time-memory. 

The  same  apparatus  on  the  board  was  used  here. as  in  the  preceding 
test,  except  thai  instead  of  using  the  stimulating  rod  D  to  start  the 
chronoscope,  the  key/' was  used.  The  chronoscope,  when  in  motion 
at  the  rate  of  one  hundred  marks  a  second,  makes  the  same  tone  as 
the  fork  only  somewhat  louder  and  of  different  timbre.  The  tuning- 
fork  is  mounted  on  hair-felt  so  as  to  muffle  its  sound,  leaving  the 
sound  of  the  chronoscope  very  easily  heard.  The  child  was  told  to 
listen  how  long  I  caused  the  chronoscope  to  sound  and  then  after  I 
started  the  sound  the  second  time  he  was  to  stop  it  by  pressing 
down  the  key  E  when  he  thought  it  had  gone  just  as  long  as  I 
allowed  it  to  go  the  first  time.  After  throwing  the  commutator  from 
ss'  to  rr'  to  change  currents  and  also  to  warn  the  child  that  the  sound 
would  soon  begin,  the  current  was  made  by  pressing  down  the  key/", 
which  was  held  down  till  the  finger  on  the  dial  of  the  chronoscope  H 
had  made  two  complete  revolutions,  whereupon  it  was  released  ;  thus 
the  sound  continued  for  two  seconds.  The  shade  concealing  the  dial 
kept  the  record  from  being  seen.  Almost  immediately  after  the  cur- 
rent was  broken,  it  was  again  made  at  f.  This  again  started  the 
sound  which  continued  until  the  child  stopped  it  by  pressing  down 
the  key  K.  The  key  was  held  down  as  before  by  the  self-catching 
spring  .'■  until  the  record  on  the  chronoscope  could  be  read  and  re- 
corded. The  figures  entered  on  the  card  represented  the  error,  in 
hundredths  of  a  second,  made  by  the  child  in  trying  to  make  the 
second  sound  just  as  long  as  the  first.  As  it  was  impossible  for  me 
to  make  the  standard  exactly  two  seconds,  this  error,  never  more 
than  0.05  of  a  second,  was  added  to  or  subtracted  from  the  error 
of  the  child  according  to  its  direction.  Each  child  was  given  ten 
trials  from  which  the  median  value  was  calculated  for  his  general 
result. 

General  methods. 

Tests  on  muscle-sense,  color-sensitiveness  and  force  of  suggestion 
were  not  taken  simultaneously  with  the  other  tests.  In  taking  the 
tests  on  voluntary  motor  ability,  fatigue,  weight,  height,  lung- 
capacity,    discrimination-time,    reaction-time   and    time-memory  the 
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following  order  was  adopted.  Three  children  were  taken  from  the 
school-room  at  one  time  into  a  secluded  room  away  from  interrup- 
tion, noise,  etc.  While  one  was  taking  the  tests  the  other  two  could 
be  watching  and  thus,  when  their  turns  came,  they  understood  what 
was  expected  of  them,  and  took  but  little  time  for  explanations. 
Furthermore,  when  their  turns  came  the  novelty  of  the  board  and 
tests  was  worn  away,  so  that  their  whole  attention  could  be  devoted 
to  doing  the  things  required.  The  child  was  first  weighed,  his 
height  was  taken  next  and  then  his  lung-capacity  was  measured. 
After  this  he  was  subjected  to  the  tests  of  the  reaction-board,  the 
first  being  discrimination-time  for  red  and  blue.  This  test  was  given 
precedence  in  time  to  simple  reaction  because  after  getting  accus- 
tomed to  reacting  every  time  the  stimulating  rod  was  moved,  as  is 
the  case  in  the  simple  reaction,  it  is  very  much  more  difficult  to 
refrain  from  pressing  reflexly  or  automatically  when  the  red  is  ex- 
posed in  the  discrimination-test  than  if  the  latter  is  placed  first.  In 
this  test  the  number  of  errors  made  by  pressing  the  key  .E'when  red 
was  exposed,  instead  of  not  pressing  at  all,  was  kept  account  of. 
The  red  and  blue  were  exchanged  irregularly  so  that  the  child  could 
get  no  idea  of  what  color  to  expect.  So  as  to  put  him  more  thor- 
oughly on  his  guard,  several  reds  were  generally  exposed  at  the  start. 
Ten  trials  were  given  in  this  and  in  the  two  succeeding  tests,  the 
result  of  each  trial  being  recorded  in  its  proper  place  on  the  card  as 
soon  as  taken.  Reaction-time  was  taken  next,  and  then  the  test  on 
time-memory.  Finally,  after  all  other  tests  had  been  taken  (which 
required  from  seven  to  ten  minutes)  the  tests  on  voluntary  motor- 
ability  and  fatigue  were  taken.  During  the  35  seconds  interval 
between  the  first  and  last  period  of  five  seconds  of  the  forty-five 
seconds  of  tapping,  the  next  child's  weight  and  height  were  taken. 
When  the  child  at  the  board  had  completed  the  fatigue-test  he  was 
sent  back  to  the  room  and  immediately  another  came  to  fill  his  place, 
thus  keeping  three  out  at  one  time.  Just  before  taking  the  reaction- 
board-tests  on  the  child  the  day  of  the  month  and  the  hour  of  the 
day  were  noted  after  "  date  "  on  his  card  so  as  to  enable  me  to  cal- 
culate at  some  future  time  the  effects  of  weather  and  also  of  fatigue 
produced  by  the  day's  work  upon  those  tested  late  in  the  day,  com- 
pared with  those  taken  early  in  the  morning.  The  teachers  attended 
to  having  the  remainder  of  the  data  filled  out  at  the  head  of  the  card, 
in  regard  to  the  child,  namely,  age  at  last  birthday,  birth-place,  birth- 
place of  father,  birth-place  of  mother,  father's  occupation.  White 
cards  were  used  for  girls  and  colored  cards  for  boys. 
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Results. 

Alumt  one  hundred  children  of  each  age  were  taken,  the  small 
variation  from  this  number  being  shown  in  column  iVof  the  tables  I 
to  XI.  The  method  explained  above  necessitated  tests  one  to  three 
inclusive  being  taken  at  a  differenl  time  from  the  remainder.  Some 
of  the  children,  having  taken  one  portion  of  the  tests,  were  absent 
at  the  time  the  other  tests  were  taken,  thus  causing  the  number  to 
fall  slightly  below  one  hundred  in  some  instances.  The  results  for 
each  age  were  averaged   into  one  final  result   by  taking   the   median 

/'  4-  1 

value1  according  to  the  formula     - — .      The   justifiableness   of    this 

method  will  he  shown  later  both  by  data  and  curves. 

I'm  i i n  i ; i ;   has   proposed   the  use  of  the  median  or  central  value, 

whose  position  in  the  series  of  separate  results  arranged  according 

n  + 1 
to  size  is  given  by        — .     That  is,  if  all  the  results  are  to  be  ar- 

ranged  in  the  order  of  their  size,  the  median  will  be  just  in  the 
middle.  Since  with  finite  units  of  measurements  there  will  be  a 
number  of  results  having  the  same  value  around  the  middle,  the 
value  will  be  determined  by  interpolation.  The  importance  of  the 
use  of  the  median  lies  in  the  fact  that  it  involves  no  assumption  in 
regard  to  the  distribution  of  the  separate  deviations. 

In  order  to  get  an  expression  for  the  homogeneity  of  my  results 
the  mean  variation  was  calculated  for  each  age.  This  same  calcula- 
tion was  also  made  for  boys  and  girls  separately  in  all  the  tests  except 
the  first  three,  viz  :  muscle-sense,  color-sensitiveness  and  force  of 
suggestion.  After  the  record-cards  were  completely  filled  out  with 
the  data  desired,  they  were  returned  to  the  teachers  of  the  respective 
rooms,  who  were  asked  to  mark  each  name  by  a  figure  1,  2  or  3  ac- 
cording to  what  she  judged  the  child's  general  mental  ability  to  be, 
marking  the  bright  ones  1,  those  of  average  ability  2  and  the  dull 
one-  with  a  figure  '■'>.  The  aim  of  this  was  to  get  the  relation  between 
the  general  mental  ability  and  the  respective  tests.  The  tests  were 
taken  from  January  17  th  to  April  1st,  1894. 

T  est  ( 1 ) :   Muscle-sense. 

The  results  for  this  test  are  shown  in  table  I  and  the  accompany- 
ing  charts  I  and  II,  giving  in  graphic  form  the  results  as  given  in 
columns  JJ,  Ji,   (1  and  J/Voi  the  table.     Sensitiveness  to  weight 


1  Scripture,  On  the  adjustment  of  simple  psychological  measurements,  Psych.  Rev., 
189i  I  281. 


Mental  and  physical  development  of  school-children.  55 

was  not  so  delicate  as  was  supposed  when  the  apparatus  was  made, 
and  consequently  a  series  of  ten  weights  varying  two  grams  each, 
from  82s  to  100s,  was  insufficient  to  include  all  of  the  younger 
children.  In  all  ages,  except  fourteen  and  fifteen,  one  or  more  chil- 
dren were  found  whose  sensitiveness  to  weight-differences  did  not 
fall  within  the  scope  of  my  apparatus,  viz.  18s  variance  from  the 
standard  weighing  82g.  In  calculating  column  J)  of  table  I,  all 
data  including  those  in  which  all  ten  were  said  to  be  alike  in  weight 
were  used.  In  order  to  correct  this  error  of  apparatus,  the  per  cent. 
of  data  in  which  all  ten  weights  were  reported  as  being  alike  was 
calculated  for  each  age.  To  obtain  a  correct  estimate  of  the  dis- 
crimination to  weight  for  each  age,  the  columns  D  and  P  must 
be  considered  together  ;  that  is,  the  results  for  this  sense  give  the 
w7rong  impression,  unless  both  of  the  columns  be  considered  in  con- 
junction. The  figures  at  the  left  of  the  chart  indicate  the  threshold 
for  discrimination  to  weight  in  grams.  The  figures  found  in  col- 
umns P,  PB  and  PG  of  table  I  represent  in  per  cent,  the  number 
of  children  who  picked  out  all  ten  weights  as  being  exactly  alike, 
distinguishing  no  difference  whatever  in  their  respective  weights. 
It  will  be  remembered  that  sensitiveness  varies  inversely  as  the  size 
of  the  least  perceptible  difference.  For  example,  the  least  percepti- 
ble differences  for  the  ages  6  and  7  are  14.8-  and  13. 6g  respectively  ; 
the  threshold  for  G  yrs.  hears  to  that  for  7  yrs.  the  relation  |f£,  but 
the  sensitiveness  for  G  vrs.  is  greater  than  that  for  7  yrs.,  the  relation 
being  \^%.  In  general  it  is  convenient  to  indicate  the  sensitiveness 
by  the  reciprocal  of  the  least  perceptible  difference,  thus,  y^,  T-JF, 
etc.  On  the  chart,  the  higher  the  line  the  greater  the  least  percep- 
tible difference  but  the  smaller  the  sensitiveness.  Ages  are  marked 
along  the  axis  of  abscissas  at  the  bottom  of  the  chart. 

The  results  show  a  gradual  increase  in  ability  to  discriminate,  from 
the  ages  of  6  to  13.  At  6,  the  worst  year  of  any  for  discrimination, 
the  least  perceptible  difference  was  14.8s,  with  38^y  of  non-discrimi- 
nations ;  at  13  years  only  5.4?  with  2$  of  non-discriminations. 
After  13  there  was  a  gradual  falling  off  of  6.8s,  none  failing  to  dis- 
criminate, and  then  another  gain  till  at  17  it  was  5.8s  with  1$  of 
non-discriminations.  Boys  and  girls,  considered  together,  gradually 
increase  in  ability,  but  when  they  are  considered  separately,  marked 
differences  of  sex  appear.  At  6  there  is  the  large  difference  of  3.8s  in 
discriminative  ability  in  favor  of  the  boys.  At  7  they  have  the  same 
ability.  From  this  on,  they  gain  with  equal  pace  to  the  year  13  with 
the  exception  of  the  abrupt  falling  off  for  boys  at  1 1.     From  13  to  17 
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the  difference  in  ability  again  becomes  manifest  in  favor  of  boys.  In 
general  it  may  be  said  that  the  superiority  of  boys  in  sensitiveness  to 
differences  in  weighl  increases  with  age,  irregularities  being  notice- 
able, however,  from  0  to  7  ami    from  1  •_'  to  14. 

It  is  interesting  in  this  connection  to  notice  the  relation  between 
the  general  curve,  chart  I,  ami  the  curve  of  mean  variation  for  the 
same  test,  charl  II.  There  seems  to  beageneral  agreement  through- 
out   between   the   main   curve  for  discrimination  and  the  curve  for 
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1>.  least  perceptible  difference  in  grams.     G,  least  perceptible  difference  for  girls. 


P,  per  cent,  of  data  showingno  discrim- 
ination. 

J/r  -  il  mean  variation. 

B.  least  perceptible  difference  for  boys. 

PB.  per  cent,  of  boys  showing  no  dis- 
crimination. 


PG,  per  cent,  of  girls  showing  no  dis- 
crimination. 
X,  number  of  children. 
X/:.  number  of  boys. 
NG,  number  of  girls. 


mean  variation.  When  discriminative  ability  decreases,  between  any 
two  successive  ages,  the  variation  decreases  for  the  corresponding 
period.  On  the  whole,  however,  variation  decreases  with  advance  in 
aere.  At  the  aire  of  7,  where  a  falling  off  in  sensitiveness  is  indicated 
in  the  main  curve  for  discrimination,  the  mean  variation  is  decreased. 
Also  during  the  years  from  12  to  14  the  variation  is  stationary,  these 
too,  being  years  during  which  the  child  lost  in  his  ability  to  discrim- 
inate, as  shown  by  chart  I.  Apparently  during  these  years  develop- 
ment has  been  arrested  and  consequently  those  influences  removed 
which  would  cause  variation  in  the  results  of  different  children.  At 
15,  when  the  discrimination  was  relatively  poor,  the  mean  variation 
was  very  small. 
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In  such  points  the  mean  variation  throws  some  light  upon  those 
years  where  divergences  and  abrupt  changes  occur.  Marked  changes 
in  the  curve  for  variation  would  indicate  unusual  heterogeneity  in 
data  at  that  point.  Such  results  unquestionably  represent  changes 
in  growth. 


Fig.  6.    Chart  I. 

Boys  and  girls. 

Boys. 

Girls. 


Fig.  7.    Chart  II. 
Statistical  mean  variation. 


Test  (2) :  Sensitiveness  to  color-differences. 

The  results  of  this  test  are  recorded  in  table  II  and  charts  III  and 
IV.  The  same  general  rules  apply  here  as  in  the  results  of  the  pre- 
vious test.     The  two  columns  D  and  P  of  table  II  have  to  be  con- 
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Bidered  in  conjunction,  because  the  scale  of  shades  was  insufficient  to 
admit  of  discrimination  of  difference  in  color  by  all  children.  As  in 
the  previous  test  the  figures  in  column  /'.  PJB  and  PG  indicate  the 
per  cent,  of  children  of  the  respective  ages,  who  said  all  the  colors 
were  exactly  alike,  discriminating  no  difference  in  shade.  The 
numbers  on  the  left,  by  which  the  solid  line  is  to  he  interpreted,  indi- 
cate the  number  of  colors  picked  out  as  being- exactly  alike.  The 
ages  are  indicated  at  the  bottom  of  the  chart  on  the  axis  of  abscissas. 
Ability  to  distinguish  different  shades  of  the  same  color  increases 
with  age.  As  a  rule,  at  7  marked  irregularities  occur  in  all  the 
curves  which  require  mental  action  or  discrimination.  These  irregu- 
larities will  he  spoken  of  more  fully  later  on. 

Table  II. 
veness  to  color-differences. 
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B,  least  perceptible  difference  in  color    G,  leasl  perceptible  difference  for  girls. 

in  number  of  shades.  PG,  per  cent  of  data  of  girls  showing  no 

P,  per  cent. of  data  showing  no  discrim-        discrimination. 


i  nation. 
M.  statistical  mean  variation. 

-t  perceptible  difference  for  boys. 
77-'.  per  ' •< -j i t .  of  data  of  boys  showing 

no  discrimination. 


.V.  number  of  children. 
NB,  number  of  boys. 
NG,  number  of  girls. 


In  this  test  the  advantage  is  slightly  in  favor  of  the  girls.  The 
curv« •-  cross  and  re-cross  so  frequently,  however,  that  no  very  plain 
statement  as  to  comparison  of  sexes  can  be  given.  The  boys  start  at 
6  with  the  advantage  of  the  girls,  but  at  17  the  girls  take  the  lead. 
My  making  a  general  average  of  all  ages  for  all  the  boys  and  all  the 
girls,  the  advantage  of  girls  over  boys  is  only  one-tenth  of  the  differ- 
ence between  the  successive  shades.     Yet,  girls  have  the  additional 
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advantage  in  that  only  18.7$  of  the  girls  failed  to  discriminate  at  all, 
while  22.3  <fc  of  the  boys  failed  in  so  doing.  This  throws  the  final 
balance  somewhat  in  favor  of  the  girls.     The  curve   of  this  sense, 


T 


"-         /& 


'7 


Fig.  8.    Chart  III. 

Boys  and  girls. 

Boys. 

Girls. 


Fig.  9.     Chart  IV. 
Statistical  mean  variation. 


chart  II,  shows  the  most  gradual  increase  in  discriminative  ability  of 
any  worked  out  and  it  will  also  be  noted  that  the  same  general  regu- 
larity in  decrease  of  variation  is  shown  in  chart  TV,  with  a  slight 
divergence  at  13,  due  probably  to  puberty. 


Test  (3):  Force  of  suggestion. 

We  are  continually  translating  sensations  gained  from  one  sense 
into  terms  of  another  sense.  In  walking,  or  reaching  for  articles  in 
the  dark,  we  always  imagine  how  things  ought  to  look  and  then 
translate  these  ideas  of  sight  into  muscle  sensations  in  guiding  our 
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muscles.  In  reaching  for  the  door-knob  with  closed  eyes  one  always 
guides  his  hand  by  translating  how  the  extended  hand  looks  into  how 
it  should  feel.  'The  experiments  of  this  test  were  taken  with  a  view 
to  measuring  the  influence  of  the  interpretation  given  by  one  sense 
on  the  decision  of  another  sense,  the  result  being  expressed  as  a  func- 
tion of  the  age. 

The  results  obtained  are  recorded  in  table  III  and  charts  V  and 
VI.  In  considering  the  results,  columns  D  and  P,  B  and  PB,  G 
and  PG  of  table  II  have  to  be  taken  together  as  in  the  two  preced- 


Table  III. 

Force  of  suggestion. 

Age. 

11 

P 

MY 

B 

/'/»• 

G 

PG 

N 

NB 

NG 

6 

42.0 

36 

17.0 

43.5 

31 

42.5 

36 

92 

45 

47 

7 

45.0 

37 

]  5  5 

43.5 

35 

43.5 

39 

95 

50 

45 

8 

47.5 

27 

13.5 

45.0 

27 

49.5 

36 

92 

46 

46 

9 

50  0 

36 

10.5 

50.0 

38 

49.5 

35 

94 

47 

47 

10 

43.5 

23 

12.5 

40.0 

18 

44.0 

27 

91 

49 

42 

11 

40.0 

22 

11.5 

38.5 

11 

40.0 

14 

91 

43 

48 

12 

40.5 

15 

9.0 

38.0 

12 

ll.ii 

18 

103 

54 

4& 

13 

38.0 

8 

9.0 

37.0 

8 

38.0 

9 

103 

45 

58 

14 

34.5 

7 

9.5 

31.0 

8 

33.5 

2 

100 

47 

53 

15 

35.0 

12 

10.5 

33.0 

2 

38.0 

20 

100 

49 

51 

16 

34.5 

6 

10.0 

32.0 

5 

38.5 

7 

86 

47 

39 

17 

27.0 

5 

12.0 

25.0 

1 

31.0 

10 

84 

43 

41 

//.  force  of  suggestion,  in  grams. 

P,  per  cent,  of  data  in  which  the  force  of 

suggestion  exceeded  65  gram<. 
.1/1",  statistical  mean  variation. 
B.  force  of  suggestion  for  hoys,  in  grams. 
PB.  per  cent  of  data  for  boys  in  which  the    NG,  uumber  of  girls. 

force  of  suggestion  exceeds  65  grams. 


'.'.  force  of  suggestion  for  girls,  in  grains. 
PG,  per  cent,  of  data  forgirlsjn  which  the 
force  of  suggestion  exceeded  65  grama. 
X.  number  of  children. 
A'/.',  number  of  boys. 


ing  tests.  The  figures  of  columns  P,  PB  and  PG  of  table  III  in- 
dicate the  per  cent,  of  data  in  which  the  extremes  of  the  series  of 
fourteen  blocks  were  picked  out  as  of  the  same  weight  as  the  respec- 
tive standards  to  be  compared.  The  figures  at  the  left  of  the  chart 
indicate  in  grams  the  amount  of  error  made  in  estimating  the  differ- 
ences in  weight  between  the  large  and  small  blocks.  Ages  are  marked 
at  the  bottom  of  the  chart.  As  explained  under  apparatus  for  test 
(3),  the  large  and  small  blocks  were  both  exactly  alike  in  weight,  but, 
owing  to  the  difference  in  size,  the  child's  judgment  as  to  what  the 
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blocks  should  weigh  by  muscle-sense  was  so  influenced  by  the  sugges- 
tion from  the  eye  as  to  what  their  relative  weight  should  be  if  judged 
from  sight,  that  e.  g.  at  6  they  thought  there  was  a  difference  of  42g 
between  them.  In  addition  to  this,  in  30$  of  the  data  more  difference 
was  made  between  them  than  could  be  measured  by  the  limits  of  my 


Fig.  10.     Chart  V. 


Girls. 


Boys  and  girls. 
Roys. 


Fig.  11.    Chart  VI. 

Statistical  mean  variation. 


fourteen  weights,  viz  :  65g.  At  7  they  were  influenced  by  the  sugges- 
tion of  sight  even  more  than  at  6.  At  7  they  made  a  difference  of  45s 
between  the  blocks  while  37$  said  there  was  more  difference  in  their 
respective  weights  than  my  weights  would  measure,  viz  :  65g.  The 
influence  of  the  suggestion  gradually  increased,  reaching  its  maxi- 
mum at  9  where  the  average  child  thought  there  was  a  difference 
of  50g  which  is  almost  as  much  as  the  weight  of  the  blocks  them- 
selves, viz:  55g.  In  addition  to  this,  at  7,  still  36$  judged  the 
difference  larger  than  65g  which  was  the  limit  of  my  test.  From 
9  to  "17  this  influence  gradually  decreased,  the  muscle-sense  gradually 
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learning  to  correct  the  suggestion  given  by  sight  as  to  what  the 
relative  weighl  Bhould  be.  At  17  the  large  difference  of  27-  in 
weight  was  made  between  the  two  blocks  while  still  5;  were  found 
whose  error  of  judgmenl  fell  beyond  the  limits  of  measurement. 
As  seen  in  columns  JB,  PJB,  G  and  PG  of  table  III  and  also 
as  seen  in  curves  on  chart  V  a  marked  difference  may  be  noted 
between  boys  and  girls.  Boys,  being  influenced  more  by  the 
suggestion,  are  slightly  worse  at  6  than  girls  ;  at  7  both  are  equal  ; 
but  thereafter  girls  are  considerably  worse  than  boys  with  one 
exception  at  9,  where  the  girls  and  boys  may  again  be  said  to  be 
the  same  since  the  difference  is  only  one-half  a  gram.  The  deflection 
of  the  curve  at  age  14  from  its  general  trend  is  again  noticeable, 
that  of  the  girls  being  most  marked.  It  is  to  be  presumed  that  the 
child  grows  worse  from  6  to  9  because  at  6  he  has  not  yet  learned  to 
compare,  and  that  a-  he  learns  gradually  to  judge  of  a  thing  from 
more  aspects  than  one,  or,  in  other  words,  learns  to  interpret  one 
sense  by  another,  the  force  of  the  suggestion  given  by  the  eye  to  the 
muscle  increases  until  at  9  he  has  come  to  the  age  of  experience 
enough  to  see  that  things  are  not  always  what  they  seem.  Conse- 
quently at  this  age  he  begins  to  correct  misleading  influences  bear- 
ing upon  him.  This  error  can  never  be  wholly  eliminated,  for  in  all 
my  experiments  on  old  as  well  as  young,  I  have  found  no  one  who 
was  not  subject  to  the  illusion.  The  small  one  was  universally  chosen 
as  the  heavier  of  the  two  and  not  infrequently  was  it  judged  to  be 
more  than  twice  as  heavy,  even  by  adults.  All  those  who  judged 
that  there  was  more  difference  in  weight  between  the  two  blocks 
than  65* — the  limit  of  my  test — it  will  be  easily  seen,  made  the 
smaller  one  more  than  Ave  times  as  heavy  as  the  larger  one.  Refer- 
ence to  column  /',  table  III,  age  7,  show's  that  at  that  age  37^  gave 
the  judgment  that  the  large  one  weighed  15g  or  less  while  the  small 
one  weighed  80-  or  more.  Since  15g  and  80s  were  the  lightest  and 
heaviest  blocks  respectively  in  my  series  of  fourteen,  and,  since  so 
many  picked  out  these  two  extremes,  it  is  highly  probable  that  quite 
a  number  would  have  made  a  much  greater  difference  than  65g 
between  the  weights. 

The  blocks,  of  course,  are  seen  before  being  lifted  and  immediately 
upon  seeing  them  one  judges  by  sight  that  the  larger  one  ought  to  be 
much  the  heavier.  However,  upon  lifting  and  receiving  about  the 
same  sensation  in  weight  from  both  we  are  immediately  led  to  reverse 
our  decision  and  judge  the  smaller  one  to  be  the  heavier. 
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On  the  whole,  variation  decreases  with  advance  in  asre.  In  the 
main  curve,  chart  V,  the  child  becomes  worse  in  his  judgment  from 
6  to  9.  In  variation,  chart  VI,  he  becomes  better.  In  the  main 
curve  at  9  he  becomes  better.  In  variation  curve  he  becomes  worse. 
At  ten  the  variation  again  becomes  subject  to  the  more  general  law, 
however,  of  decrease  with  age.  The  particular  law,  however,  that 
for  short  periods  in  the  development  where  ability  increases  variation 
increases,  is  substantiated  b}"  a  large  proportion  of  cases  in  each  curve 
which  represent  a  larger  proportion  of  mental  activity. 


Test  (4)  :    Voluntary  motor  ability. 

In  column  T  of  table  IV  are  recorded  the  number  of  taps  the 
average  child  can  make  in  five  seconds  for  the  respective  ages.  The 
results  are  given  in  graphic  form  in  charts  VII  and  VIII.  The 
ages  are  marked  along  the  axis  of  abscissas,  and  the  figures  to  the 
left  along  the  axis  of  ordinates  represent  the  number  of  taps  made 
in  five  seconds.  B  and  G  of  the  same  table  are  the  averages  for 
boys  and  girls  respectively.  The  average  child  at  6  years  taps  20.8 
times  in  five  seconds.  From  6  there  is  a  gradual  increase  until  the 
age  12,  reaching  at  that  age  a  rapidity  of  29.9  taps  in  five  seconds. 
At  13,  however,  this  is  lowered  to  28.9  tans  in  five  seconds.  From 
this  there  is  the  gradual  increase  again,  reaching  the  maximum  at  17 
with  a  rate  of  tapping  amounting  to  33.8  taps  in  five  seconds.  The 
data,  when  calculated  for  hoys  and  girls  separately,  show  throughout 
a  higher  rate  of  tapping  for  hoys  than  for  girls.  Boys  at  6  tap  21 
times  while  girls  tap  only  19.7  times  in  the  five  seconds.  As  the 
increase  in  ability  goes  on,  boys  always  excel  in  about  the  same  pro- 
portion except  at  14  and  17  where  the  difference  is  much  more 
apparent.1  Both  fall  off  considerably  from  12  to  13.  At  thirteen 
however,  the  boys  regain  their  lost  footing  and  begin  to  increase 
again  as  rapidly  as  they  did  before  12.  The  girls,  however,  continue 
to  lose  until  14  before  beginning  to  gain  again.  From  16  to  17  they 
fall  off  once  more.  The  divergence  in  this  as  well  as  the  preceding 
curves  at  the  period  from  12  to  14  is  undoubtedly  due  to  the  effects 
of  puberty.  This  would  contradict  somewhat  the  statement  of 
Burnham2  who  says   that    at  puberty  there  is  a  great  increase  of 

1  Bryan,  On  the  development  of  voluntary  motor  ability,  Am.  Jour.  Psych.,  1893  V 
173. 
2Burniiam,  TJie  study  of  adolescence,  Ped.  Sem.,  1892  I  181. 
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vitality  and  energy  and  also  greater  mental  activity.  The  former  is 
undoubtedly  true  but  whether  the  latter  is  a  justifiable  conclusion 
therefrom  is  very  doubtful.  My  curves  throughout  rather  seem  to 
justify  the  opinion  of  Lange'  that  physical  development  takes  up 
the  strength  and  thus  retards  the  mental  development. 


Table  IV. 

Voluntary  motor  ability. 

Age. 

T 

MY 

B 

MY'         G 

MY" 

N 

NB 

NG 

6 

20.8 

2.4 

21.0 

2.5         19.7 

2.5 

98 

49 

49 

7 

22.5 

2.9 

22.8 

2.7         21.2 

2.5 

98 

50 

48 

8 

24.4 

2.9 

24.9 

3.4         23.9 

2.2 

96 

49 

47 

9 

25.4 

2.5 

25.8 

2.5          25.0 

2.9 

99 

50 

49 

10 

27.0 

2.8 

27.7 

2.6         26.9 

2.8 

97 

50 

47 

11 

29.0 

3.3 

29.7 

3.2          27.8 

3.0 

101 

50 

51 

12 

29.9 

?.3 

30.3 

.1.1          29.6 

3.0 

106 

56 

50 

13 

28.9 

2.8 

29.8 

3.0          28.1 

3.3 

110 

59 

51 

14 

30.0 

3.6 

31.2 

3.2          28.0 

3.4 

104 

50 

54 

15 

31.1 

3.0 

31.3 

2.6         29.8 

3.2 

101 

51 

50 

16 

32.1 

3.3 

33.0 

3.0         31.8 

3.4 

87 

48 

39 

17 

33.8 

2.9 

35.0 

2.4         31.5 

2.3 

91 

47 

44 

7.  number  of  taps  in  five  seconds. 

M  Y  statistical  mean  variation. 

/;   :  umb  i  "i'  taps  for  boys. 

.1/ 1",  statistical  mean  variation  for  boys. 

G,  number  of  taps  for  girls. 


H V",  statistical  mean  variation  for  girls. 
N,  number  of  children. 
NB,  number  of  boys. 
NG,  number  of  girls. 


I  [owever  that  may  be,  for  some  cause  or  other,  the  children  must 
have  labored  under  some  disadvantage  in  almost  all  my  tests  at  the 
period  about  13.  Bryan's  children"  labored  under  some  similar  dif- 
ficulty at  about  13.  The  individual  rate  of  tapping  varied  from  14 
t;t]>-  in  five  seconds  by  a  couple  of  children  6  years  old  to  45  taps  in 
five  seconds  by  a  boy  IV  years  of  age.3  The  average  variations  for 
each  age  can  be  seen  by  referring  to  table  IV  and  chart  VIII. 


1  Laxge.  Cher  eine  haufig  vorkommende  Ursache  von  der  langsamen  und  mangelhaften 

tigen  EntwicMung  der  Kinder,  '/A.  Psych.  Phys.  Sinn.,  1893  YII  95. 
-  Am.  Jour.  Psych.  1893  V  204  charts  I  to  Y. 

if  movemenl  was  given,  thus  allowing  the  child  to  choose  that 
adapted  to  rapidity  for   himself     Amplitude  of   movement,  however,  makes  no 
special  difference  iu  rapidity ;    cf.  Bryan,   Voluntary  motor  oMUty,  Am.  Jour.  Psych., 
1893  Y  150.  176. 
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Fig.  12.    Chart  VII. 

Boys  and  girls. 

Boys. 

Girls. 


10  //  A3  /J 

Fig.  13.    Chart  VIII. 


/* 


/6 


/7 


Statistical  mean  variation. 
Statistical  mean  variation  for  boys. 
Statistical  mean  variation  for  girls. 


The  mean  variations  for  the  total  result  of  boys  and  girls  combined 
were  calculated  as  well  as  for  boys  and  girls  separately,  and  are 
found  recorded  in  columns  MV,  MV  and  MY"  respectively.  A 
graphic  presentation  of  the  same  is  also  given  in  chart  VIII. 
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Ti:st  (5):  Fatigue. 

After  tapping  for  45  seconds  fatigue  entered  into  the  results  very 
noticeably.  Column  7'7of  table  V  gives  the  percent,  of  loss  between 
tlic  rapidity  of  tupping  for  the  first  5  and  that  for  the  last  5  of  45 
seconds.  Columns  />'  and  C  give  the  same  calculation  for  boys  and 
girls  respectively.  MV  denotes  the  amount  of  deviation  of  each 
resull  from  the  general  average  while  MV  and  MV  indicate  the 
same   for   boys  and   girls  respectively.     The  same  results  are  to  be 


Table 

V. 

Fatigue. 

.1 

F 

MV 

B 

MV 

G 

MV 

.V 

NB 

NG 

G 

21.4 

8.1 

22. S 

9.4 

21.3 

7.0 

98 

49 

49 

T 

21.0 

8.9 

22.5 

9.7 

20.2 

6.7 

98 

50 

48 

8 

2l.il 

7.3 

24.1 

8.3 

23.3 

7.1 

96 

49 

47 

9 

21.0 

7.1 

22.5 

6.7 

20.7 

7.8 

99 

50 

49 

10 

22.0 

7.5 

22.7 

7.8 

19.0 

7.1 

97 

50 

47 

11 

20.0 

6.2 

20.3 

G.5 

18.0 

5.5 

101 

50 

51 

12 

16.0 

6.3 

18.0 

6.0 

1  1.0 

6.7 

106 

56 

50 

13 

14.5 

6.4 

15.8 

6.1 

11.7 

5.8 

110 

59 

51 

U 

1  I." 

6.5 

17.8 

6.2 

12.0 

6.1 

104 

50 

54 

15 

12.7 

5.8 

13.8 

4.9 

11.5 

5.7 

101 

51 

50 

1G 

14.7 

5.2 

15.3 

4.6 

11.7 

5.6 

87 

48 

39 

17 

13.8 

5.3 

14.5 

6.3 

13.5 

4.3 

91 

47 

44 

/■',  per  '-cnt.  of  loss  in  rapidity   of  tap- 
ping after  tapping  r>  seconds. 
.1/  r.  statistical  mean  variation. 
/;.  per  cent.  of  loss  in  rapidity  for  boys. 
.1/1"'.  statistical  mean  variation  (in- boys. 


(!.  per  cent,  of  loss  in  rapidity   for  "iris. 
MV";  statistical  mean  variation  for  girls. 
.V.  number  of  children. 
NB,  number  of  hoys. 
A'<7,  number  of  girls. 


found  in  graphic  form  in  charts  IX  and  X.  Ages  are  marked  at 
tli<  bottom.  The  figures  to  the  left  of  the  chart  indicate  the  per 
cent,  of  loss  in  rapidity  of  tapping  between  that  of  the  first  five  and 
that  of  the  last  five  seconds.  The  average  child  at  G  loses  21.4$ 
after  tapping  15  seconds.  From  6  to  V  a  slight  gain  is  made,  the 
loss  by  fatigue  being  21$  at  7.  At  S,  however,  the  effect  of  fatigue 
is  much  more  marked,  this  being  the  age  at  which  the  child  loses 
most  rapidly  ;  here  there  was  a  loss  of  24;/.  After  8  the  fatigue  is 
and  less  Doticeable  till  the  age  of  15  where  it  was  least  marked, 
being  only  12.7'/.  From  15  to  16  it  again  becomes  more  marked,  a 
Lose  of  l  t.7  occurring  at  16  with  a  succeeding  gain  again  at  17, 
where  it  was  13.6    . 

When   these  data  are  calculated  for  boys  and  girls  separately,  it 
becomes  evident  that  girls  tire  more  easily  at  13  than  at  12  while 
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Fig.  14.    Chart  IX. 


Boys  and  girls. 

Boys. 

Girls. 


10  //  JZ  /3 

Fig.  15.    Chart  X. 

Statistical  mean  variation. 

Statistical  mean  variation  for  boys. 

Statistical  mean  variation  for  girls. 


/6  // 


for  boys  this  variance  comes  a  year  later  between  13  and  14.     As  in 
almost  all  of  the  charts  representing  mental  research,  there   seems 
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to  be  a  marked  turn  in  the  life  of  the  child  at  7.  This  divergence 
U  brought  out  very  plainly  also  by  the  mean  variations  shown  in 
chart  X  for  ages  6  and  V. 

]>.n  a  tire  more  quickly  throughout  in  voluntary  movement  than 
girls.  But  the  statement  that  boys  tire  more  easily  than  girls  could 
scarcely  be  made  upon  the  basis  of  my  data  for  it  will  be  remembered 
that  the  rate  of  tapping  by  the  hoys,  as  shown  by  table  IV  and 
chart  VII,  was  faster  than  that  by  the  girls.  The  statement  that 
boys  tire  more  easily  is  unwarrantable,  for,  by  averaging  and  com- 
paring the  rate  of  tapping  for  all  hoys  and  girls  separately,  it  is 
found  that  the  girls  on  the  whole  tap  slower  than  the  boys  who  lose 
but  little  more  than  the  girls  by  fatigue,  leaving  the  balance  in  favor 
of  boys.  The  average  boy,  including  all  ages,  taps  29.4  times  in 
five  seconds,  the  average  girl  taps  26.9  times,  thus  tapping  8.5$ 
slower  than  boys.  The  average  boy,  including  all  ages,  loses  18.1^ 
by  fatigue  ;  the  average  girl  loses  16. 6''.  In  other  words,  the  boys 
lose  1.5$  more  by  fatigue  than  girls  and  yet  boys  tap  8.5^  faster  than 
girls.  This  leaves  the  balance  greatly  in  favor  of  boys  when  volun- 
tarv  motor  ability  and  fatigue  are  considered  together. 

Test  (6):   Weight. 
Column  W  of  table  VI  indicates  the  weight  in  pounds  according 


Table  YI. 

Weight. 

Age. 

w 

MY 

B 

MV 

G 

J/1' 

A 

B 

C 

N 

NB 

NG 

6 

460 

4.6 

46.8 

4.4 

44.3 

4.3 

43.3 

46.8 

49.0 

98 

50 

48 

7 

51.0 

48 

51.2 

4.7 

50.4 

4.4 

48.3 

51.0 

51.5 

98 

50 

48 

8 

53.0 

5.9 

52.5 

6.0 

53.0 

r.i 

53.3 

53.5 

53.3 

96 

49 

47 

9 

59.5 

6.2 

60.0 

9.9 

58.8 

6.8 

59.0 

5:i.0 

61.5 

97 

49 

48 

10 

G6.5 

7.7 

68.4 

6.9 

62.7 

7.4 

67.2 

64.5 

66.8 

96 

50 

46 

11 

70.0 

7.8 

70.8 

6.7 

70.0 

6.0 

70.0 

70.0 

66.5 

101 

51 

50 

12 

8H.5 

12.3 

82.3 

6.7 

84.5 

11.5 

83.0 

83.3 

87.8 

106 

56 

50 

13 

89.5 

11.6 

88.0 

9.4 

.92.0 

10.0 

82.2 

92.3 

86.0 

110 

59 

51 

14 

96.0 

15.4 

91.7 

15.8 

98.0 

13.3 

98.5 

98.8 

90.3 

104 

50 

54 

15 

105.0 

13.7 

110.0 

15.4 

104.0 

10.5 

105.5 

106.0 

105.0 

102 

51 

51 

16 

119.8 

15.4 

127.0 

11.9 

l  13. o 

11.7 

116.0 

124.5 

118.3 

87 

48 

39 

IT 

122.0 

14.9 

130.0 

11.3 

113.7 

15.1 

120.0 

122.8 

125.0 

90 

46 

44 

W.  weight  in  pounds. 

J/l'.  il  mean  variation. 

B,  weight  of  boys. 

MV,  statistical  moan  variation 

G,  weight  of  girls. 

MY  ,  statistical  mean  variation 


A,  weight  of  bright  children. 

]'..  weighl  of  average  children. 

c.  weight  of  dull  children, 
for  boys.    X.  number  of  children. 

NB,  number  of  boys, 
for  girls.    NG,  number  of  girls. 
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Fig.  It).    Chart  XT. 

Boys  and  girls. 

Boy-. 

Girls. 
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Fig.  17.     Chart  XII. 

Statistical  mean  variations. 

Statistical  mean  variation  for  boys. 

Statistical  mean  variation  for  girls. 
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jv.  The  individual  weights  were  taken  in  quarter-pounds.  The 
weights  of  boys  and  girls  separately  ;uv  to  be  found  in  columns  B 
and  <r.  In  chart  XI  the  ages  are  at  the  bottom  and  the  weight  in 
pounds  to  the  left  of  the  chart.  The  figures  at  the  left  of  chart  XII 
indicate  the  variation  in  pounds.  The  average  weight  at  6  years  was 
!''•  pounds;  thi^  in  general  increases  with  advance  in  age,  the  weight 
at  11  being  122  pounds.  Certain  differences  are  noticeable  in  the 
relative  rapidity  of  growth  between  differenl  ages.  Boys  have  their 
mosl  rapid  growth  between  H  and  16,  increasing  in  weight  18.3 
pounds  between  14  and  15,  and  17  pounds  between  15  and  16,  but 
between  16  and  17  the  increase  in  weight  is  very  slight  indeed,  being 
only  3  pounds.  The  most  rapid  growth  for  girls  occurs  between  11 
and  12,  being  14.5  pounds.  Up  to  the  age  12  boys  and  girls  seem  to 
grow  in  about  the  same  proportions,  boys  being  slightly  heavier  than 
girls.  Between  11  and  12  the  order  is  reversed,  girls  growing  faster 
and  becoming  heavier  than  boys  ;  they  remain  heavier  until  between 
14  and  15.  Between  14  and  15  boys  again  begin  very  rapid  growth 
and  from  then  on  are  much  heavier  than  girls. 

At  the  age  11,  as  shown  in  chart  XI,  the  girls  begin  the  period  of 
most  rapid  growth.  Chart  XII,  showing  the  mean  variation  for 
weight,  indicates  also  a  sudden  rise  in  the  mean  variation  at  that 
time.  In  weight  the  mean  variation  increases  with  advance  in  years. 
The  contrary  was  true  in  the  three  preceding  curves  where  mental 
work  was  involved.  It  will  be  remembered  also,  that  in  the  preced- 
ing curves,  wherever  there  was  a  sudden  decrease  between  two  suc- 

ssive  ages  in  ability  to  discriminate,  there  was  a  sudden  decrease 
in  the  mean  variation  for  the  corresponding  period.  In  these  purely 
physiological  data,  however,  the  opposite  seems  to  be  true.  The 
mean  variation  in  chart  XII  rises  at  the  point  corresponding  to  the 
one  in  chart  XI  where  the  rapid  growth  of  the  girls  begins.  Boys 
in  chart  XI  begin  their  rapid  growth  later  than  girls  and  in  chart 
XII  the  sudden  rise  in  the  mean  variation  for  the  boys  begins  a  year 
later.  From  the  comparison  for  "bright,"  "average"  and  "dull" 
the  same  negative  conclusion  is  to  be  drawn  as  in  the  following  test. 


Test  (7):  Height. 

The  height  was  taken  in  tenths  of  a  centimeter.  Column  II of 
table  VII  is  the  record  of  height,  the  upper  figures  of  each  age  being 
in  inches,  the  lower  in  centimeters  and  tenths.  The  height  of  boys 
and  girls  separately  is  to  be  found   under  B  and    G  respectively. 
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The  average  individual  mean  variations  for  all  combined  and  for 
boys  and  girls  separately  are  expressed  in  columns  MV,  MV  and 
MV  respectively.  The  figures  on  the  left  of  chart  XIII  indicate 
the  height  in  centimeters.  Those  at  the  left  of  chart  XIV  indicate 
the  variations  in  centimeters.  The  ages  are  marked  below  in  both 
charts.  Almost  precisely  the  same  laws  appear  here  in  regard  to 
rapidity  of  growth  for  the  different  sexes  as  appeared  in  the  figures 
for  weight.  At  6  the  boys  are  114.5cm  high,  the  girls  114.0cm.  Both 
boys  and  girls  grow  with  about  the  same  rapidity,  the  boys  being  the 
taller,  until  between  11  and  12;  here  the  girls  grow  much  more 
rapidly  and  are  the  taller  until  between  14  and  15,  where  the  boys 
are  taller.  The  girls  become  more  nearly  stationary  in  height  after 
15,  while  boys  make  exceedingly  rapid  progress  from  14  on.  At  17 
the  height  of  boys  was  170.5cra,  of  girls  168.6cm.  Just  before  pub- 
erty is  the  period  of  most  rapid  growth  for  girls  while  the  period  of 
most  rapid  growth  falls  later  for  boys,  beginning  at  14. 

The  statement  has  been  made  by  Porter  that  the  brighter  the 
child  the  taller  he  is.1  Brightness  and  dullness,  however,  in  his  tests 
were  decided  by  examination-grades,  which,  it  is  needless  to  say, 
are  often  very  poor  mental  tests.  In  my  results  no  such  relation 
could  be  traced.  My  data  are  based  upon  the  judgment  of  the 
teacher  as  to  what  she  considered  to  be  the  general  mental  ability  or 
"stand"  of  the  child  as  it  is  sometimes  called.  This  is  really  more 
accurate  than  a  system  of  set  examinations.  The  results  as  tabulated 
in  columns  A,  B  and  G  of  table  VII,  represent  the  heights  of  the 
children  graded  according  to  the  judgment  of  the  teacher  under 
Whom  they  fell,  A  being  bright,  B  those  of  average  ability,  and  G 
those  who  were  dull  mentally.  In  the  same  results,  when  put  in 
graphic  form,  the  lines  cross  and  re-cross  too  frequently  to  be  of  any 
value  on  such  a  point  except  to  give  the  negative  result  as  disproof 
of  the  statement  referred  to  above. 

The  mean  variations  in  chart  XIV  furnish  one  marked  exception 
in  the  curve  for  boys  to  the  rule  applying  so  well  to  weight  and  even 
still  more  forcibly  corroborated  by  the  next  curve  of  variation  for 
lung  capacity,  chart  XVI.  Chart  XIV  for  variations  in  height  is 
not  without  points  verifying  the  rule,  however.  Variations  increase 
in  size  with  advance  in  age.  Following  the  curve  for  girls,  at 
10  and  11,  where  the  period   of  very  rapid  growth  begins  to  show 

'Porter,  The  growth  of  St.  Louis  children,  Transactions  of  the  Academy  of  Science 
of  St.  Louis,  1894  VI  335. 
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Table   V  1 1 . 

//  ight. 

.      // 

MV 

B 

.1/1- 

G 

.1/1" 

.1 

B 

G 

N 

NB  KG 

45.4 

1.6 

15.0 

1..6 

44.9 

1.1 

44.2 

45.2 

45.6 

6 

115.4 

3.9 

114.5 

3.9 

114.0 

3.6 

112.3 

114.8 

115.8 

98 

50 

48 

4  7.3 

1.6 

47.1 

1.6 

46.9 

1.5 

47.4 

46.8 

47.6 

7 

120.2 

4.0 

119.8 

4.0 

119.1 

3.5 

120.5 

119.0 

121.0 

98 

50 

48 

49.3 

2.0 

48.9 

1.8 

48.4 

1.8 

48.5 

48.4 

48.2 

8 

125.2 

4.9 

124.2 

4.4 

123.0 

1.1 

123.3 

122.8 

122.3 

96 

49 

47 

51. 'J 

2.1 

51.2 

2.0 

50.8 

1.8 

51.0 

50.9 

50.9 

9 

130.2 

5.3 

130.2 

5.1 

129.0 

4.5 

129.4 

129.2 

129.3 

97 

49 

48 

53.0 

2.0 

53.0 

1.7 

52.8 

2.1 

52.9 

53.0 

53.0 

10 

134.6 

4.9 

134.6 

4.3 

134.0 

5.2 

134.4 

134.6 

134.5 

96 

50 

46 

55.9 

2.1 

55.9 

2.0 

54.6 

2.2 

55.1 

54.9 

55.9 

11 

142.0 

6.0 

142.0 

5  0 

138.6 

5.6 

140.0 

139.4 

142.7 

101 

51 

50 

57  3 

2.4 

57.0 

2.2 

57.9 

2.5 

57.6 

57.3 

59.0 

12 

145.5 

6.1 

1  I  Lfl 

5.6 

147.1 

6.3 

146.2 

145.5 

150.0 

106 

56 

50 

59.9 

2.6 

58.8 

2.2 

60.4 

2.3 

5&.0 

60.5 

58.8 

13 

151.0 

6.4 

149.4 

5.6 

153.4 

5.8 

147.2 

153.8 

149.3 

110 

51 

59 

60.9 

3.2 

59.3 

3.4 

61.4 

2.8 

61.1 

60.7 

60.4 

14 

154.7 

8.1 

150.5 

8.7 

155.9 

7.1 

155.2 

154.2 

153.3 

104 

50 

54 

62.7 

2.9 

62.8 

3.2 

62.5 

2.1 

64.5 

62.6 

62.2 

15 

159.2 

7.4 

159.5 

8.0 

158.8 

5.3 

163.8 

159.0 

158.0 

102 

51 

51 

64.9 

2.4 

65.7 

2.2 

62.5 

2.1 

65  0 

65.5 

65.0 

16 

164.8 

6.0 

167.0 

5.4 

158.8 

5.2 

165.1 

166.3 

165.2 

87 

48 

39 

65.6 

2.3 

07.1 

1.3 

63.6 

1.9 

66.5 

65.6 

65.2 

17 

166.6 

5.9 

170.5 

3.2 

161.6 

4.7 

169.0 

166.6 

165.6 

91 

47 

44 

Upper  figures  arc  inches;  lower  figures 
are  centimeters. 

//.  height. 

.1/  r.    statistical    mean   variation  for  total 

ilt. 
B,  height  of  boys. 

.1/1''.  statistical  mean  variation  for  boys. 
(J.  height  of  girls. 


.1/1',  statistical  mean  variation  for  girls. 

J,  height  of  bright  children. 

B,  height  of  average  children. 

(.',  height  of  dull  children. 

A',  number  of  children. 

.\7>.  number  of  boys. 

NG,  number  of  girls. 


itself,  the  variation  rises  rapidly.  At  12,  after  the  most  rapid  sec- 
tion of  increased  rate  of  growth  is  completed,  the  variation  falls. 
With  the  exception  of  the  one  point  at  14,  chart  XIV,  which  is  prob- 
ably due  to  puberty,  tin-  curve  of  variations  gradually  decreases  with 
the  corresponding  decrease  in  rapidity  of  growth,  shown  in  chart 
XIII.     The  curve  for  boys  contradicts  the  rule.     There  is  no  evident 
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cause  for  the  sudden  fall  in  variation  from  9  to  10  and  again  at  14. 
The  curve,  instead  of  rising  with  the  rapid  growth  shown  in  chart 
XIII,  falls  rapidly  till  the  age  17. 


Fig.  18.    Chart  XIII. 

— ■ Boys  and  girls. 

Boys. 

Girls. 


Fig.  19.    Chart  XIV. 

Statistical  mean  variation. 

Statistical  mean  variations  for  boys. 

Statistical  mean  variations  for  girls. 
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Test  (8):  Lung-capacit;/. 

The  figures  in  column  J.  (J  of  table  VIII  indicate  the  lung-capacity 
for  tlic  corresponding  ages  given  in  the  first  column.  The  upper 
figures  of  each  age  represent  the  number  of  cubic  inches  ;  the  lower 
figures  represent  the  number  of  cubic  centimeters.  These  results  are 
also  placed  in  graphic  form  in  charl  X  V,  the  figures  at  the  left  indi- 
cating the  number  of  cubic  centimeters,  those  at  the  bottom  indicat- 
ing the  ages. 

Tabus   VIII. 
bmg-capacity.  * 


Agt 

'.  LC 

MV 

B 

.1/1" 

G 

MV" 

.1 

B 

O 

N 

NB 

NG 

52.0 

9.7 

56.0 

9.5 

50.0 

9.5 

52.3 

51.3 

49.0 

6 

832 

155 

896 

152 

800 

152 

837 

821 

784 

94 

49 

45 

63.0 

11.8 

66.0 

11.2 

54.0 

11.1 

67.0 

60.0 

67.0 

7 

1008 

1S9 

1056 

179 

864 

178 

1072 

960 

1072 

96 

48 

48 

72.0 

12.3 

73.0 

11.3 

66.0 

10.5 

72.5 

68.5 

67.0 

8 

1152 

197 

1168 

181 

1056 

168 

1160 

1096 

1072 

96 

49 

47 

78.0 

13.8 

83.0 

16.3 

72.5 

9.8 

78.0 

72.0 

81.0 

9 

1248 

221 

1328 

261 

1160 

157 

1248 

1152 

1296 

94 

48 

46 

87.5 

14.3" 

91.5 

15.4 

82.0 

14.3 

90.0 

84.0 

80.5 

10 

1400 

229 

1464 

246 

1312 

229 

1440 

1344 

1288 

96 

50 

46 

91.0 

15.9 

104.0 

15.1 

83.0 

10.4 

95.0 

90.0 

91.0 

11 

1  156 

254 

1664 

242 

1328 

166 

1520- 

1440 

1456 

100 

49 

51 

109.0 

16.6 

113.5 

14.1 

104.0 

14.8 

108.0 

110.0 

113.0 

12 

1744 

266 

1816 

226 

1661 

237 

1728 

1760 

1808 

103 

56 

47 

115.0 

19.4 

120.0 

17.5 

105.0 

18.8 

116.0 

116.0 

102.0 

13 

1840 

292 

1920 

280 

1680 

301  ' 

1856 

1856 

1632 

107 

50 

57 

117.5 

22.7 

125.0 

23.9 

105.0 

17.4 

119.5 

118.5 

97.5 

14 

1880 

363 

2000 

382 

1680 

278 

1912 

1896 

1560 

101 

49 

52 

131.3 

22.3' 

161.0 

29.8 

116.0 

15.5 

143.5 

123.0 

131.0 

15 

2101 

356 

2576 

477 

1856 

2  IS 

2296 

1968 

2096 

102 

51 

51 

149.0 

39.0 

187.0 

30.8 

115.0 

16.1 

137.0 

166.3 

128.5 

10 

2384 

624 

2992 

493 

1840 

258 

2192 

2660 

2056 

87 

48 

39 

156.0 

42.0 

204.0 

33.4 

118.5 

18.5 

180.0 

129.5 

169.0 

• 

17 

2496 

672 

32C4 

534 

1896 

296 

2880 

2072 

2704 

91 

47 

44 

Upper    figures  are  cubic   inches;    lower 

figures  are  cubic  centimeters. 
J  J',  lung-capacit; . 
M  V.    -t.uistical  mean  variation  for    total 

i  ilt. 
B,  lung-capacity  foi  bi 
MV,  statistical  mean  variation  for  boys. 
G,  lung-capacity  fur  girls. 


MV",  statistical  mean  variation  for  girls. 
A,  lung-capacity  of  bright  children. 
/).  lung-capacity  of  average  children. 
c.  lung-capacity  of  dull  children. 
X,  number  of  children. 
NB,  number  of  boys. 
.W/,  number  of  girls. 
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Fig.  20.    Chart  XV. 

Boys  and  girls. 

Boys. 

Girls. 


Boys  have  a  larger  lung-capacity  than  girls  throughout.  At  6 
boys  have  a  capacity  of  896ccm  while  the  girls  have  only  800ccm.  This 
difference  between  boys  and  girls  increases  but  very  slightly,  in  favor 
of  boys,  till  the  age  of  12  where  boys  have  a  capacity  of  1816ccm  and 
girls  1664ccm.  From  this  age  on  the  development  of  girls  is  much 
slower.  Almost  no  growth  occurs  between  12  and  14.  From  14,  at 
which  age  their  lung-capacity  is  lG80ccm,  a  gain  is  made  to  1856ccm  at 
15.  From  15  to  17  almost  no  development  of  the  lungs  is  noticeable, 
for  at  17  they  have  attained  only  1896ccm.  The  curve  for  boys  shows 
a  marked  difference  from  that  of  girls.  About  the  same  rate  of 
growth  as  that  from  6  to  7  was  maintained  till  the  age  of  14,  at 
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which  age  their  lung-capacity  was  2000com.  While  the  girls  become 
nearly  stationary  at  12,  the  boys  do  not  begin  their  most  rapid 
growth  until  14.  Between  14  and  15  they  make  a  gain  of  576ccm,  and 
they  keep  up  this  rapid  growth  until  1  7,  which  is  as  far  as  my  experi- 
ments  extended.     At    17   the    lungs  of  the  average  boy  contained 

64ccra  ;  those  of  the  average  girl  1896ccm. 

The  mean  variations  are  put  in  graphic  form  in  chart  XVI.  The 
numbers  to  the  left  indicate  the  average  mean  variation  in  cubic 
centimeters. 
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Fig.  21.     Chart  XVI. 

Statistical  mean  variation. 

Statistical  mean  variation  for  boys. 

— Statistical  mean  valuation  for  girls. 

The  mean  variation  increases  with  advance  in  years.  From  6  to 
13  there  is  a  gradual  rise  in  the  variation.  At  this  age  the  increase  in 
lung-capacity  almost  ceases  for  girls  and  so  also  does  the  variation. 
Chart  XV  shows  almost  no  increase  in  lung-capacity  between  the 
years  12  and  14.  The  variation  for  the  corresponding  years  in  chart 
XVI  shows  a  fall  but  with  a  rise  again  at  14  where  the  lung-capac- 
ity begins  to  increase  as  shown  by  chart  XV. 

At  13  for  boys  it  is  just  the  opposite.  Variations  rise  very  rapidly 
as  does  the  growth  in  lung-capacity,  the  latter  appearing  one  year 
later.  The  coincidence  between  changes  in  gnnvth  and  changes  in 
variation  are  very  noticeable  in  all  the  physiological  curves. 

The  mean  variation,  for  both  boys  and  girls  combined,  as  is  shown  in 
the  solid  line  of  chart  XVI,  increases  very  rapidly  from  13  to  17 
owing  to  the  fact  that  girls  after  13  grow  but  little  more  while  boys 
undergo  most  rapid  growth  thereafter,  thus  of  course  throwing  the 
mean  variation  for  the  total  result  much  higher. 
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Test  (10):  Reaction-time. 

In  taking  up  this  section  of  the  results  we  return  to  the  mental 
processes  in  contra-distinction  to  the  three  preceding  tests,  which 
were  purely  physiological.  In  explaining  apparatus  and  methods, 
tests  (9)  and  (10)  were  treated  in  a  different  order  from  that  in 
which  they  were  taken,  here  it  seems  convenient  and  proper  also  to 
reverse  the  order  on  account  of  the  relative  complexity  of  the  two. 
The  simple  reaction  time  alone  will  be  considered  first.  In  the  fol- 
lowing three  tests  the  arithmetical  averages  were  calculated  as  well 
as  the  median  values.  In  order  to  show  the  difference  between  the 
results,  as  calculated  by  the  two  different  methods  I  have  tabulated 
the  arithmetical  averages  under  To,  and  the  median  values  under  Tp. 
The  same  comparison  is  drawn  by  the  graphic  method  in  the  chart, 
the  dotted  line  being  the  arithmetical  averages  and  the  solid  lines 
the  median  values.  In  order  to  illustrate  the  method  of  median 
values  I  have  selected  from  my.  results  a  card  of  a  boy  8  years  old. 
The  point  of  objection  to  the  arithmetical  average  is  brought  out 
somewhat  more  plainly  in  the  following  figures  than  would  be  the 
case  with  the  average  card  but  by  choosing  a  somewhat  extreme  case, 
the  underlying  principle  can  be  most  easily  seen  and  the  difference 
made  all  the  more  forcible  for  illustration.  As  was  explained  under 
methods,  each  child  was  given  ten  trials.  The  results  for  the  ten 
reactions  of  this  8-year-old  boy  were  as  follows  :  24,  23,  48,  22,  21, 
24,  43,  21,  22,  19.  The  arithmetical  average  of  these  ten  is  26.7, 
whereas  the  median  value,  or  the  value  half  way  between  the  fifth 
and  sixth  counting  either  from  the  largest  or  from  the  smallest  as  1, 
is  22.5.  The  variations  of  each  result  from  the  mean  value  are  1.5, 
0.5,  25.5,  0.5,  1.5,  1.5,  20.5,  1.5,  0.5,  and  3.5  respectively,  making  a 
mean  variation  of  5.7.  A  glance  at  the  original  data  will  show  that 
in  order  to  get  what  we  would  consider  the  representative  reaction- 
time  of  that  boy,  48  and  43  ought  not  have  as  much  influence  given 
them  as  21,  22  and  23  which  fall  nearer  the  average.  By  the  median 
value,  instead  of  allowing  them  to  count  in  direct  proportion  to  their 
size,  they  are  rather  allowed  to  count  as  one  in  a  series  of  ten.  How- 
ever, these  extreme  data  such  as  48  and  43,  are  not  allowed  to  pass 
unnoticed  by  the  method  of  median  values  without  exciting  any  in- 
fluence whatever.  On  the  contrary  their  influence  is  felt  in  the 
mean  variation  for  the  child  where  their  effect  properly  belongs.  In 
this  the  average  of  mean  variations  for  the  child  is  5.7.  Had  it  not 
been  for  the  two  figures  48  and  43  his  mean  variation  would  have 
been  only  1.4  instead  of   the  5.7.     They  increase  this  average  and 
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Ta,  reaction-time  in  hundredths  of  a  second 

— arithmetical  averages. 
lp.  reaction-time  in  hundredths  of  a  second — 

median  vain 

iverage  individual  mean  variation. 
MY.  statistical  mean  variation. 
B,  reaction-time  for  boys  in  hundredths  of  a 

second. 
MY ,  statistical  mean  variation  for  boys. 


(',,  reaction-time  for  girls  in  hundredths  of  a 

-i  cond. 
.1/1'  .  statistical  mean  variation  for  girls. 
A,  reaction-time  of  bright  children. 
2?,  reaction-time  of  average  children. 
V,  reaction-time  of  dull  children. 
N,  number  of  children. 
AT?,  number  of  boys. 
NG,  number  of  girls. 


Fig  22.    Chart  XVII. 

Boys  and  girls. 

Boys. 

Girls. 

and  girls,  arithmetical  average. 
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Fig.  23.    Chart  XVIII. 

Statistical  mean  variation. 
Statistical  mean  variation  for  boys. 
Statistical  mean  variation. 
Average  individual  mean  variation. 


Fig.  24.     Chart  XIX. 

Bright. 

Average. 


Dull. 


justly  so,  for,  by  the  mean  variation  we  wish  to  indicate  the  irregu- 
larity of  his  separate  results  from  the  general  average.  The  median 
was  calculated  for  both  boys  and  girls  combined,  and  also  for  each 
separately.  The  mean  for  boys  and  girls  combined  according  to 
arithmetical  averages  always  falls  half  way  between  those  for  boys 
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and  girls  separately  :  not  so  with  the  median.  The  median  for  boys 
and  i^iil<  combined  frequently  falls  below  or  above  both  that  of  the 
girls  and  that  ol'  boys  when  taken  separately.  Illustrations  of  this 
can  be  seen  in  charts  IX.  age  13  ;  XII,  age  7  ;  XVII,  age  8;  XXII, 
age  14  ;  XIII  ages  6,  7,  8  and  11.  'This  difference  of  the  median 
from  the  average  clearly  shows  the  heterogeneity  of  the  two  classes. 

It  must  also  be  noted  that  mean  variations  for  boys  and  girls  com- 
bined are  much  larger  than  for  each  separately,  which  also  shows  the 
heterogeneity  of  the  data. 

The  time  of  simple  reaction  decreases  with  age.  Boys  and  girls 
;it  6,  when  averaged  together,  react  in  29.5  hundredths  of  a  second. 
This  decreases  to  the  age  12  where  the  time  is  18.7  hundredths  of  a 
second.  From  12  to  13  no  increase  is  made,  remaining  at  18.7  for  13 
also.  From  13  on,  there  is  gradual  increase  until  16  when  the  time 
is  15.5  hundredths  of  a  second.     At  17  no  gain  is  made. 

The  results,  when  considered  for  girls  and  boys  separately,  show 
marked  difference  in  sex.  Girls  are  slower  at  7  than  at  6.  At  6  the 
time  required  was  29.5  while  at  7  they  required  31.5.  At  8  there 
was  a  gain  to  26.0.  From  this  on  there  was  a  gradual  gain  in  ability 
and  a  decrease  in  time  till  12,  where  the  time  was  19.8.  At  13,  how- 
ever, 20.5  hundredths  of  a  second  were  again  required  leaving  the 
girls  only  one  thousandth  of  a  second  better  at  13  than  they  were  at 
11.  After  this  there  was  an  increase  again  till  17  where  the  reaction- 
time  for  girls  was  10.:J>. 

The  curve  for  boys  shows  no  change  from  the  general  law  of 
increase  from  6  to  7.  From  12  to  14  there  is  a  marked  difference  in 
the  rapidity  of  increase.  At  12  the  time  required  was  17.8  ;  at  13  it 
was  the  same  ;  at  14  there  is  a  loss  in  ability,  the  time  being  18.0. 
Thus  the  boys  were  worse  at  14  than  at  12  and  but  very  little  better 
than  tiny  were  at  11.  After  14  they  again  increased  with  almost 
the  same  rapidity  as  they  did  before  11  until  10  and  17  where  14.7 
hundredths  of  a  second  were  required.  Both  boys  and  girls  seemed 
to  increase  less  rapidly  from  eight  to  nine  than  at  the  other  ages. 
Boys  were  quicker  than  girls  throughout. 

The  mean  variations,  represented  in  chart  XVIII,  decrease  with 
advance  in  years.  For  boys,  during  the  period  from  11  to  14  when 
the  actual  time  of  reaction  remained  almost  stationary,  the  mean 
variation  did  the  same,  showing  a  slight  difference  at  12  in  the  same 
way  as  the  curve  for  boys  in  chart  XVII.  There  is  also  a  marked 
break  in  the  curve  of  variation  from  8  to  9  corresponding  to  the 
slight  decrease  in  the  rate  of  ability  at  the  same  ages  in  chart  XVII. 
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The  relation  between  mean  variation  and  mean  reaction-time  is 
rendered  most  marked  by  comparing  the  curves  in  charts  XVII 
and  XVIII  for  both  boys  and  girls  combined.  At  most  points  where 
there  is  a  marked  change  in  rate  of  increase  in  chart  XVII  there  is 
also  a  corresponding  change  in  the  variation  at  that  age.  In  this, 
age  13  offers  the  only  exception.  Wherever  the  rate  of  increase  in 
ability  from  one  age  to  another  is  less  than  the  average  rate  of 
increase,  the  variation  for  that  period  becomes  higher  and  therefore 
worse. 

In  this  test  also  the  data  were  separated  and  recalculated  to  find 
the  reaction-time  of  those  who  were  bright,  of  average  mental  ability 
and  dull  respectively.  The  results  are  recorded  in  columns  A,  JB  and 
C  respectively,  table  IX.  The  difference  here  becomes  very  notice- 
able as  can  be  seen  by  referring  to  the  graphic  representation,  chart 
XIX.  The  bright  children  react  much  more  quickly  than  the  dull. 
Not  so  much  difference  is  noticeable  between  those  who  were  con- 
sidered bright  by  the  teacher  and  those  who  were  judged  of  average 
ability.  It  is  shown  here  that  we  judge  of  a  child's  mental  ability 
by  the  quickness  or  rapidity  with  which  they  were  able  to  act. 
Another  fact  is  that  all  children  are  considered  of  about  equal  men- 
tal ability,  or  in  other  words,  all  grades  of  children  react  in  about 
the  same  length  of  time  just  before  those  ages  in  which  changes  of 
growth  manifested  themselves,  viz  :  11  and  16.  The  average  re- 
action-time of  all  ages  for  bright  children  was  20.7  hundredths  of  a 
second  ;  for  those  of  average  ability  it  was  21.3  ;  for  dull  children 
22.4. 

Test  (9):  Reaction  icith  discrimination  and  choice. 

Here,  as  in  the  other  mental  tests,  ability  increased  and  the  length 
of  time  required  decreased  with  advance  in  age.  This  test  implies 
more  complicated  mental  activity  and,  as  would  be  expected,  the 
influences  which  affect  mental  life  show  themselves  more  plainly  in 
the  curve  representing  such  development.  For  some  cause  or  other 
development  between  6  and  7  is  arrested  for  girls  here,  as  well  as  in 
the  test  on  reaction-time.  Bovs  seem  to  suffer  no  such  back-set  but, 
starting  at  53.5  hundredths  of  a  second,  continually  increase  from  6 
till  13.  From  13  to  14  they  suffer  a  slight  loss  after  which  they  gain 
till  17,  losing  slightly,  however,  from  15  to  16.  At  17  the  time 
required  for  boys  was  30.5  hundredths  of  a  second.  Boys  may  be 
said  to  undergo  only  one  loss,  that  being  also  of  small  moment. 
Girls  suffer  two  marked  losses,  the  first  from  6  to  7,  increasing  the  time 
required  from  51  hundredths  to  52.8  hundredths  of  a  second.  After  7 
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/.'  discrimination-time  for  average  children. 
G,  discrimination-time  for  dull  children. 
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NB,  number  of  boys. 
NG,  number  of  girls. 


they  inci-ease  in  ability  very  rapidly  till  the  age  12,  where  the  length  of 
time  was  37  hundredths.  From  12  to  13,  however,  they  lose  just  as 
much  as  they  had  gained  during  the  two  years  preceding  12,  thus 
requiring  41.5  hundredths  of  a  second  at  13  which  is  the  same  length 
of  time  required  as  at  age  10.  After  13  comes  another  very  rapid  gain 
till  17,  with  the  exception  of  a  small  loss  from  15  to  16  similar  to  the 
loss  experienced  by  the  boys  at  that  age.  At  17  the  time  required 
for  girls  was  31.5  hundredths  of  a  second.  Boys  are  better  in  this 
test  than  girls.  The  average  of  all  the  boys  of  all  ages  is  39.8  while 
thai  of  the  girls  is  41.  Not  quite  so  much  difference  is  seen  here, 
however,  as  in  the  simple  reaction-time  where  the  average  for  boys 
was  20.2  while  that  of  the  girls  was  22.3. 

1  >lumns  A,  B  and  Cof  table  X  show  the  length  of  time  for  bright, 
average  and  dull  children  respectively.  In  these  results  not  quite  so 
much  difference  is  noticeable,  which  is  perhaps  due  to  the  fact  that 
they  contain  a  somewhat  smaller  element  of  reaction-time,  to  which 
brightness  and  quickness  are  such  close  correlates.  In  this  test, 
when  all  ages  are  considered,  40.1  is  obtained  as  a  result  for  bright 


Mental  and  physical  development  of  school-children. 


8,3 


Fig.  25.    Chart  XX. 

Boys  and  girls. 

Boys. 

Girls. 


Arithmetical  averages— boys  and  girls. 

children  ;  for  average  children,  40.2,  and  for  the  dull  ones  an  average 
of  42.0  hundredths  of  a  second.  It  is  very  evident  from  these  figures 
that  in  this  test  the  rule  also  applies  that  the  brighter  the  child  the 
more  quickly  he  is  able  to  react  with  discrimination  and  choice. 

The  average  of  the  mean  variations  for  separate  children,  shown 
by  the  dotted  line,  chart  XXI,  decreases  gradually  with  age  except 
from  12  to  14  where  there  is  a  marked  increase,  showing  undoubtedly 
the  effects  of  puberty  during  that  period. 

So  far  as  the  comparative  mean  variations  for  boys  and  girls  are 
concerned,  but  little  can  be  said,  since  the  curves  cross  and  re-cross 
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bo  frequently  as  to  be  of  little  value  for  comparisons  between  them 
and  those  in  the  main  curve  for  development.  The  same  general 
agreemenl  exists  between  the  main  curve  and  the  curves  for  variation 
in  that  there  is  increase  in  both  with  advance  in  years. 

As  explained  under  apparatus  and  methods  the  child  was  asked  to 
react  when  blue  appeared  in  the  stimulating  apparatus  and  not  to 
react  when  red  appeared.  It  is  difficult  for  anybody  to  keep  from 
reacting  to  the  red,  for  the  reaction  becomes  somewhat  automatic 
and,  if  the  attention  flags,  not  infrequently  reaction  to  red  follows. 
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Fra.  26.    Chart  XXI. 

Statistical  mean  variation. 

Statistical  mean  variation  for  boys. 

Statistical  moan  variation  for  skirls. 

Average  individual  mean  variation. 


Column  7:7 of  table  XI  records  the  average  number  of  reactions  each 
child  made  to  red  out  of  the  twenty  trials  given  him.  In  order  to 
be  sure  that  the  child  discriminated  between  blue  and  red,  as  many 
reds  had  to  be  disclosed  as  blues,  being  irregularly  mixed  so  that  the 
numbers  in  column  JE would  represent  the  number  of  mistakes  made 
in  20  instead  of  10,  the  latter  of  which  would  only  represent  the 
reactions  to  blue.  Twenty  of  the  1192  children  tested  made  the 
error  of  reacting  to  the  red  four  times  during  the  series  of  trials.  Out 
of  1192  tested  420  made  no  errors  at  all  by  reacting  to  the  red. 
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Test  (11):   Time-memory. 

As  in  the  preceding  tests,  also  in  this  one,  ten  trials  were  given 
each  child  and  after  taking  the  median  value  of  these,  the  average  of 
the  mean  variations  for  the  separate  results  or  data  was  calculated. 
Besides  taking  the  median,  the  arithmetical  average  was  taken  for 
the  sake  of  comparison.  The  arithmetical  averages  are  to  be  found 
recorded  in  column  Ma  and  the  median  values  in  column  Ep  of  table 
XI.  The  median  values  for  boys  and  girls  are  placed  in  columns  B 
and  G  respectively.  The  averages  of  the  mean  variations  for  sepa- 
rate children  are  in  the  column  headed  mv;  M ^represents  the  mean 
variation  for  the  total  result,  while  MV  and  MV"  give  the  same 
for  boys  and  girls  respectively. 

Columns  Ea  and  Ep  are  used  in  constructing  the  two  curves  of 
chart  XXV  for  the  sake  of  comparing  the  results  according  to  the 
two  methods.  Ages  are  at  the  bottom  on  the  line  of  abscissas.  The 
figures  to  the  left  indicate  in  hundredths  of  a  second  the  amount  of 
error  made  in  making  the  second  sound  the  same  length  as  the  first, 
which  was  two  seconds  long.  The  second  sound  was  always  made 
too  short  and  the  numbers  thus  indicate  the  amount  of  shortage  in 
hundredths  of  a  second. 

The  length  of  time,  by  using  the  arithmetical  averages,  is  less  than 
the  median  values  from  6  to  10  years  of  age.  Here,  the  curves,  rep- 
resenting the  result  in  graphic  form,  cross.  From  10  to  15  the 
error  is  greater  by  arithmetical  averages  than  by  median  values; 
from  15  to  16  the  error  is  less  ;  at  17  it  is  worse  again.  In  calculat- 
ing the  results  of  this  test  the  use  of  the  method  of  median  values  is 
of  still  more  importance  than  in  the  preceding  tests,  owing  to  the  fact 
that  the  variations  are  sometimes  extremely  large.  Frequently 
results  were  obtained  in  which  all  but  one  or  two  fell  short  of 
the  correct  time  by  40  hundredths  of  a  second  or  more  while  these 
two  exceptions,  owing  to  some  disturbance  or  distraction  either  exter- 
nal or  internal,  were  20  or  25  hundredths  too  long.  Accuracy  with 
small  mean  variation  demands  a  perfectly  even  flow  of  consciousness. 
During  the  first  sound  of  two  seconds  the  child  simply  sits  and  listens 
with  no  responsibility  as  to  how  long  the  sound  shall  go  ;  all  he  has 
to  do  is  to  judge  its  length.  When  it  becomes  his  turn  to  make  the 
sound  his  responsibility  and  continuous  wondering  whether  the  sound 
is  yet  long  enough  make  the  time  seem  longer  than  it  really  is  and 
consequently  he  stops  it  too  soon. 

The  effect  of  suggestion  in  such  a  test  is  peculiar.  For  my  tests 
the  separate  records  of  the  child  were,  of  course,  kept  secret  until  all 
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Table  XI. 

//• 

Age 

.   Ea 

Ep 

Hi  V 

MY 

B 

MV 

G 

MY 

.1 

B 

C 

N  NB  XG 

6 

62.0 

24.6 

23.4 

56.5 

25.1 

67.0 

23.2 

55.5 

68.5 

69.5 

94 

52 

42 

7 

59.6 

66.5 

20.2 

63.5 

20.6 

68.5 

20.4 

66.8 

66.5 

67.3 

96 

49 

47 

8 

52.7 

54.3 

23.6 

.     - 

48.5 

22.3 

57.0 

22.3 

48.5 

59.3 

69.0 

96 

49 

47 

9 

56.2 

60.0 

23.0 

23.5 

it.:. 

22.4 

73.5 

19.3 

50.0 

65.0 

46.5 

97 

49 

48 

10 

20.2 

18.1 

18.5 

21.8 

46  5 

15.8 

40.3 

1:9.5 

69.5 

95 

49 

46 

11 

44.2 

41.0 

20.8 

L8.2 

40  5 

16.6 

ll.d 

20.2 

45.0 

42.0 

48.0 

101 

50 

51 

12 

41.6 

36.8 

17.6 

21.3 

35.8 

21.8 

37.5 

18.7 

28.5 

49.3 

44.5 

106 

56 

50 

13 

36.3 

330 

17.9 

21.4 

24.5 

22.0 

36.0 

19.5 

36.0 

25.8 

33.5 

110 

51 

59 

14 

35.9 

30.0 

18.7 

16.1 

31.5 

14.2 

31.0 

17.8 

28.3 

28.8 

42.5 

103 

49 

54 

15 

37.6 

38.0 

18.0 

19.4 

3  1.5 

15.3 

39.0 

21.9 

22.5 

36.0 

45.0 

102 

51 

51 

16 

41.6 

44.0 

16  6 

16.7 

38.0 

16.5 

49.0 

14.0 

43.3 

39.3 

47.0 

87 

48 

39 

17 

39.9 

35.;') 

13.8 

15.8 

34.0 

13.8 

40.0 

17.8 

33.5 

38.8 

31.3 

91 

47 

44 

Ea,  hundredths  of  a  second  short  in  mem- 
ory of  two  seconds — arithmetical  aver- 
ages. 

Ep,  hundredths  of  a  second  short  in  mem- 
ory of  two  seconds — median  values. 
individual  mean  variation. 

MY.  statistical  mean  variation. 

B.  hundredths  of  a  second  short  for  boys. 

MY',  statistical  mean  variation  for  boys. 

G,  hundredths  of  a  second  short  for  girls. 


M  V  .  statistical  mean  variation  for  girls. 

.1.  hundredths  of  a  second  short  for  bright 
children. 

B,  hundredths  of  a  second  short  for  aver- 
age children. 

' ',  hundredths  of  a  second  short  for  dull 
children. 

.V,  number  of  children. 

NB,  number  of  boys. 
|  NG,  number  of  girls. 


had  been  taken.  After  taking  the  series  of  ten  trials  I  again  tried  a 
number  of  individuals  telling  them  each  time  the  amount  of  error 
made.  They  soon  learned  to  correct  their  error  somewhat  and  not 
infrequently  made  the  sound  too  long  instead  of  too  short. 

A  few  of  the  younger  children  made  the  second  sound  not  quite 
half  as  long  as  it  should  have  been,  making  an  error  of  more  than 
100  hundredths  of  a  second.  Only  38  out  of  the  1192  tested  in  all, 
judged  the  sound  longer  than  it  really  was.  It  is  interesting  to  note 
also  that  19  out  of  these  fell  in  the  two  ages  12  and  13,  the  former 
having  9  and  the  latter  10.  none  of  the  other  ages  having  more  than 
three  each. 

In  t  inn-memory  the  average  child  is  worse  at  7  than  at  6,  worse  at 
9  than  at  8  and  worse  at  16  than  at  14.  The  irregularity  at  the 
period  of  puberty  falls  later  in  the  curves  of  this  test  than  in  the 
other-.  After  the  second  decrease  in  ability  from  8  to  9  there  is  a 
rapid  increase  in  ability  till  14.  Thereafter  it  is  reversed  and  there 
is  more  rapid  loss  than  there  was  previous  gain,  leaving  the  child  con- 
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Fig.  27.    Chart  XXII. 

Boys  and  girls. 

Boys. 

Girls. 

Arithmetical  averages. 
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siderably  worse  at  16  than  he  was  at  12.  From  16  to  17  there  is 
another  rapid  increase  in  accuracy.  At  6  the  child  is  62  hundredths 
in  error  ;  at  7  the  error  is  66.5  ;  at  8  it  is  54.3.  After  rising  again 
at  9  to  60  there  comes  the  rapid  increase  in  accuracy  till  the  best 
point  is  reached  at  14  where  there  is  only  an  error  of  30  hundredths 
of  a  second. 

The  results,  when  divided  into  boys  and  girls,  show  two  very  dis- 
tinct differences.  Both  boys  and  girls  lose  from  6  to  7.  With  the 
exception  of  a  very  slight  change  in  the  average  increase  from  8  to 
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LO,  boys  grow  better  till  the  age  L8.  Girls  from  8  to  9  undergo  an 
t'ii. Tin. mis  loss,  making;  tin-  sound  at  the  latter  age  73. 5  hundredths  of 
a  second  too  short.  Thus,  at  this  age  they  are  far  worse  than  at  any 
other  period  between  fi  and  IT.  From  0  to  10  an  exceedingly  rapid 
gain  is  made  and  thereafter  there  is  a  continuous  gain  till  14,  in- 
stead of  stopping  at  13  as  the  hoys  did.  Boys  and  girls  both  lose 
from  this  point  till  16  where  they  again  begin  gaining.  At  13  is  the 
besl  time  for  boys,  their  error  being  only  24.5  hundredths  too  short  ; 
girls  reaeh  their  best  point  at  14  with  an  error  of  31  hundredths  of  a 


Fig.  28.    Chart  XXIII. 

Statistical  mean  variation. 

statistical  mean  variation  for  boys. 

Statistical  mean  variation  for  girls. 

Average  individual  mean  variation. 

second.  In  this  .test  also,  boys  greatly  excel  the  girls,  as  can  be 
seen  by  comparing  columns  B  and  G  of  table  XI  and  also  the  curves 
of  chart    XXII. 

In  recalculating  the  results  for  comparison  between  bright,  aver- 
age and  dull  children  the  amounts  of  error  made  by  them  are  41.5, 
47.4  and  51.1  respectively.  The  separate  averages  for  each  age  and 
grade  of  children  are  recorded  in  columns  .1,  B  and  C  of  table  XI. 

In  general,  ability  increases  with  advance  in  years.  This  same  is 
true  of  the  curves  of  chart  XXIII,  representing  the  mean  variations 
i'<,v  time-memory.     There  is  one  thing  here  which  is  important  as 
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corroborating  the  conclusion  referred  to  under  reaction-time,  viz:  that 
where  a  special  change  in  relative  growth  between  two  ages  occurs 
for  the  better,  the  mean  variation  changes  for  the  worse.  In  chart 
XXIV  the  mean  variation  for  both  boys  and  girls  decreases  from 
6  to  7,  whereas  the  general  ability  for  time-memory,  chart  XXII, 
increases  for  the  corresponding  period.  The  same  can  be  noticed  also 
in  ages  8  to  10  and  14  to  16  Avhere  the  most  marked  changes  occurred. 

General  comparison  of  sex. 

In  order  to  get  a  general  estimate  of  the  mental  differences  of  sex 
from  the  results  obtained,  the  final  averages  of  each  age  in  muscle- 
sense,  sensitiveness  to  color-differences,  force  of  suggestion,  reaction- 
time,  reaction  with  discrimination  and  choice,  and  time-memory  were 
thrown  together  into  a  general  average  for  the  respective  ages. 
These  general  averages  are  recorded  in  table  XII.  The  same  are 
presented  in  the  curves  of  chart  XXIV.  The  ages  are  indicated 
at  the  bottom  on  the  line  of  abscissas.  The  figures  at  the  left  can  be 
given  no  definite  value  except  to  serve  as  relative  points  by  which  to 
judge  the  curves.  The  higher  the  figure  the  worse  the  record,  just  as 
was  the  case  in  the  tests  mentioned  above.  Voluntary  motor  ability 
and  fatigue  were  not  included  in  this  general  average  both  on  account 
of  their  having  a  somewhat  different  nature  from  the  rest,  and,  also 
one  was  the  reverse  of  the  other  in  that,  in  fatigue  the  lower  the  fig- 
ure the  better  the  record  while  the  reverse  was  true  for  voluntary 
motor-ability.  Could  these  two  have  been  included,  however,  the 
result  would  have  been  all  the  more  in  favor  of  boys  for  it  will  be 
remembered  that  when  these  two  were  reduced  to  per  cent,  and  con- 
sidered together  the  balance  was  greatly  in  favor  of  boys.  The  boys 
became  tired  sooner  but  they  also  tapped  much  faster. 

The  only  superiority  shown  for  the  girls  is  a  small  margin  of  ad- 
vantage in  discrimination  for  color-differences,  referred  to  on  page 
48 ;  the  boys  have  the  advantage  very  decidedly  until  between  7  and 
8  but  thereafter  girls  are  better. 

The  general  trend  of  the  curves  of  chart  XXIV  is  very  interest- 
ing. Age  11  seems  to  be  a  neutral  point  where  boys  and  girls  are 
of  about  the  same  ability.  Fi'om  this  age,  the  curves,  on  the  whole, 
diverge  in  opposite  directions  more  and  more  to  the  ages  6  and  17. 

The  general  law  of  increase  in  ability  is  shown  also  very  plainly 
by  general  averages  taken  in  this  way  and  represented  in  graphic 
form,  as  found  in  chart  XXIV. 
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Age. 

6 

7 

8 

9 
10 
11 
12 
13 
14 
15 
16 
17 


Table  XII. 

al  comparison  of  sex. 

B+G 
35.1 
36. 1 
32.9 
3H.0 
28.4 
25.8 
24.5 
23.5 
21.9 
22.8 
23.2 
20.1 


The  figures  of  the  table  are  rela- 
tive numbers  deduced  from  the 
tests. 


B 

G 

34.1 

36.4 

34.3 

36.8 

31.6 

33.3 

30.8 

35.5 

27.7 

28.5 

25.7 

25.8 

24.1 

25.0 

21.4 

24.6 

21.5 

22.1 

21.3 

24.0 

21.4 

25.4 

19.2 

22.0 

B+G,  boys  and  girls. 

B.  boys. 

G.  girls. 

Chart  XXIV. 


Boys  and  girls. 

Hoys. 

Girls. 
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IXTER-BELATIOX  OF  THE  RESULTS  OF  THE  DIFFERENT  TESTS. 

The  tests  described  in  the  preceding  pages  may  be  divided  into 
two  kinds,  mental  and  physical.  The  close  correlation  of  mind  and 
body  would  naturally  lead  one  to  expect  the  closest  sympathy 
between  the  two. 

First,  let  us  give  a  glance  at  the  relations  existing  among  the  three 
physical  curves,  viz  :  weight,  height  and  lung-capacity.  "Weight 
and  height  conform  to  almost  exactly  the  same  rules.  Tn  both,  very 
slight  differences  exist  between  boys  and  girls  until  the  period  arrives 
at  which  boys  begin  to  grow  as  men  and  girls  as  women.  Boys  are 
slightly  heavier  and  taller  than  girls  till  between  11  and  12.  Then 
the  order  is  reversed.  In  both  height  and  weight  girls  excel  until 
between  14  and  15  where  boys  become  heavier  and  taller  and  remain 
so  the  balance  of  life.  The  most  rapid  growth  of  girls  ceases  at  13 
while  at  14  the  rapid  growth  for  boys  is  just  beginning.  This  differ- 
ence between  the  growth  of  the  sexes  is  all  the  more  forcible  when 
the  curves  for  height  and  weight,  charts  XI  and  XIII,  are  compared 
with  the  one  for  lung-capacity,  chart  XV.  After  12  the  girls  gain 
but  very  little  in  lung-capacity  while  the  boys  do  not  begin  their  real 
growth  until  14.  That  the  turning-point  in  life  comes  later  for  boys 
than  for  girls  is  verified  not  only  by  all  the  so-called  physical  curves 
but  also  by  those  which  make  the  mental  aspects  more  prominent. 
In  all  three  physical  curves  there  is  the  >ame  general  correspondence 
between  the  main  curve  for  each  test  and  its  accompanying  curve 
for  mean  variations.  In  all,  the  variation  increases  with  advance  in 
years  and  when  separate  periods  of  each  curve  are  considered  the 
rate  of  increase  or  decrease  in  mean  variations  changes  wherever 
there  is  a  marked  change  in  the  rate  of  growth.  The  mean  varia- 
tions for  boys  and  girls  in  the  physical  curves  are  largest  during  the 
years  from  12  to  15. 

In  considering  the  so-called  mental  curves  there  is  increase  in 
ability  with  advance  in  years  with  the  exception  of  the  test  on  the 
force  of  suggestion.  In  this  ability  decreases  till  9  in  the  sense  that 
the  suggestion  is  allowed  to  have  more  force  ;  but,  thereafter  there 
is  a  gradual  improvement  as  the  suggestion  decreases  in  strength. 

At  first  Bight  the  curve  for  mean  variations  of  sensitiveness  to 
color-differences,  chart  IV,  seems  to  offer  a  marked  exception  to  the 
general  rule,  that  in  all  mental  tests  the  mean  variations  decrease 
with  advance  in  years.  This  is  not  the  case.  The  mean  variation 
rises  from  6  to  9  because  during  those  ages  a  large  per  cent,  of  the 
data  were  tens,  which  indicates  that  all  ten  colors  seemed  exactly 
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alike  to  those  children.  Consequently,  the  larger  the  per  cent,  of 
those  picking  out  all  ten  as  alike,  the  smaller  the  mean  variation 
ims  for  the  data  at  hand  ;  but,  could  the  57  per  cent,  of  non- 
discriminations at  6  be  turned  into  the  actual  data  which  they  could 
represent,  the  mean  variation  would  be  a  great  deal  larger  at  6  than 
what  it  is,  viz:  1.8.  Fifty-seven  cases  of  non-discrimination  necessi- 
tates 51  out  of  100  of  my  data  being  the  same:  10.  This  of  course 
throws  the  mean  variation  very  low. 

In  voluntary  motor  ability,  chart  VII,  and  fatigue,  chart  IX,  more 
of  the  physical  is  involved,  so  that  the  relation  between  them  and  the 
two  curves  for  weighl  and  height  is  very  marked.  Voluntary  motor 
ability  from  12  to  14  is  very  probably  affected  by  the  very  rapid 
growth  for  the  corresponding  period  shown  in  charts  XI  and  XIII. 
Separate  relations  exist  for  boys  and  girls  between  the  curves  for 
voluntary  motor  ability,  fatigue  and  the  three  physical  curves.  The 
change  in  rapidity  of  growth  for  girls  comes  between  12  and  13  in 
weight,  height  and  chest  capacity.  The  same  change  occurs  at  the 
same  period  in  both  voluntary  motor  ability  and  fatigue.  For  boys 
the  marked  change  in  rapidity  of  growth  comes  later  than  for  girls, 
the  former  always  changing  radically  at  14  as  can  be  seen  in  charts 
XI.  XIII  and  XV.  In  fatigue  also  the  loss  at  puberty  occurs  later 
for  boys  than  for  girls,  being  at  14  instead  of  at  13  as  it  was  for  the 
girls.  In  voluntary  motor  ability  the  loss  commences  for  both  at  the 
Bame  place,  viz:  12,  but  girls  suffer  loss  for  two  successive  years 
while  boys  lose  only  for  one. 

In  voluntary  motor  ability  the  mean  variation  changes  but  slightly 
for  different  ages  but  in  fatigue  there  is  a  more  noticeable  decrease 
in  variation  with  advance  in  years. 

The  tests  which  are  more  strictly  mental  may  be  divided  into  two 
sections  ;  the  first  composed  of  tests  (1),  (2)  and  (3)  and  the  second 
of  tests  (9),  (10)  and  (11). 

In  muscle-sense,  test  (l),  the  effect  of  puberty  on  the  rusults  is 
very  marked  as  is  shown  by  chart  I,  but  in  discrimination  for  color- 
differences  almost  no  divergences  whatever  can  be  noticed  at  that 
period.  In  the  curve  for  force  of  suggestion,  boys  and  girls  alike 
suffer  a  loss  in  ability  from  14  to  15.  The  curves  of  mean  variations 
in  these  three  tests  all  show  marked  divergences  from  the  general 
trend  during  the  years  from  \-i  to  15.  By  throwing  the  muscle-sense 
and  force  of  suggestion  into  relation,  a  purely  mental  element  is 
brought  out  in  the  latter.  Had  the  weight  been  subjected  to  the 
muscle-sense   alone    the    discriminative    ability  by  that  sense  would 
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always  have  said  they  were  of  equal  weight,  for,  by  test  (1)  and  chart 
I,  it  is  shown  that  discrimination  for  weight  increases  gradually  with 
age,  but  by  considering  the  element  of  sight  we  get  a  measure  of  our 
error  in  judgment  in  test  (3),  chart  V. 

In  tests  (9),  (10)  and  (11),  where  more  quickness  and  accuracy  of 
action  is  involved,  the  effects  of  puberty  show  themselves  far  more 
plainly  than  in  any  of  those  hitherto  considered.  Thus,  it  might  be 
concluded  that  puberty  has  a  greater  effect  on  the  mental  than  upon 
the  physical  aspects  of  man's  nature.  The  difference  is  far  more 
noticeable  in  girls  than  in  boys  as  can  be  readily  seen  by  referring  to 
charts  XVJI,  XX  and  XXII.  This  is  specially  noticeable  in  chart 
XXIV  for  the  comparison  of  sex.  The  development  of  girls  is 
far  more  seriously  affected  by  periodic  changes  than  that  of  boys 
as  can  be  seen  by  reference  to  7,  9,  14  and  16  of  this  chart.  In  dis- 
crimination time,  chart  XX,  the  loss  in  ability  for  girls  comes 
before  that  of  boys,  the  former  beginning  at  12  and  the  latter  at  13. 
This  order  is  reversed  in  time-memory,  chart  XXII,  and  comes  later 
for  both,  boys  beginning  to  lose  in  accurrcy  at  13  and  girls  not  until 
14.  This  difference  between  discrimination-time  and  time-memory 
is  brought  out  all  the  more  forcibly  by  considering  the  respective 
curves  for  boys  and  girls  combined,  charts  XX  and  XXII.  In 
the  former  the  loss  is  between  12  and  13;  in  the  latter  it  occurs 
between  14  and  16. 

The  mean  variation  for  the  separate  ages  in  tests  (9),  (10)  and  (11) 
furnish  but  little  suggestion  as  to  the  effect  of  puberty.  The  aver- 
ages of  the  individual  mean  variations  for  separate  children  show 
marked  changes  from  12  to  14  in  discrimination  and  time-memory 
but  nothing  in  simple  reaction-time  as  is  shown  by  the  dash  double 
dot  lines  of  charts  XVIII  and  XXVII. 

In  all  the  curves  involving  a  time-element  there  is  marked  loss  in 
ability  from  6  to  7  as  can  be  seen  in  charts  XVII,  XX,  XXII  and 
IX.  In  reaction-time  and  reaction  with  discrimination  and  choice, 
charts  XVII  and  XX,  the  loss  is  only  experienced  by  girls,  but 
in  the  other  two,  time-memory  and  fatigue  both  alike  suffer  some 
set-back  from  6  to  7.  The  same  thing  is  noticeable  to  a  less  degree 
in  muscle-sense  and  color  discrimination,  charts  I  and  III,  the  boys 
alone  suffering  loss  in  color-sensitiveness.  The  general  fact,  how- 
ever, is  brought  out  very  forcibly  in  comparative  curves  of  sex,  chart 
XXIV. 

An  interesting  fact  is  brought  out  by  throwing  graded  reaction  and 
the  same  with  discrimination  and  choice  into  relation  with  each  other. 
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Between  11  and  12,  just  before  puberty,  in  both  curves  the  bright  and 
dull  children  act  with  about  the  same  rapidity,  though  both  before 
and  after  thai  age  the  dull  ones  are  much  slower  than 'the  bright 
ones.  It  is  evident  from  a  glance  at  the  two  charts  XIX  and  XXII 
that  the  child  is  judged  dull  at  13  because  he  is  unable  to  acl  as 
quickly.  Considering  these  charts  in  conjunction  with  the  compara- 
tive curves  of  sex,  chart  XXI V,  the  conclusion  is  suggested  that  all 
children  on  an  average  are  of  about  equal  ability  at  age  11. 

Relation  of  individi  \i.  tests  to  general  mental  ability. 

The  data  for  the  tests  on  weight,  height,  lung-capacity,  discrimina- 
tion-time, reaction-time  and  time-memory  were  recalculated  to  get 
the  relation  between  the  separate  tests  and  general  mental  ability  as 
estimated  by  the  teacher.  The  curves  for  height  and  reaction  time  were 
inserted  in  part  II  under  tests  (7)  and  (10)  respectively.  The  curves 
for  height,  worked  out  in  relation  to  "  stand"  are' found  in  chart  XV 
and  those  for  reaction  time  in  chart  XIX.  The  remainder  of  the 
curves  belonging  to  this  class  have  been  given  a  separate  section  on 
account  of  their  largely  negative  value.  It  will  be  remembered  that 
the  curves  for  height  were  of  negative  value  in  that  no  marked  rela- 
tion could  be  traced  between  them  and  the  mental  ability  of  the 
pupils  upon  whose  measurement  they  were  plotted.  The  same  is 
true  of  weight  ;  also  of  chest  capacity  with  the  exception  of  the 
years  13  and  14  where  the  dull  pupils  have  a  much  smaller  lung- 
capacity.  The  curves  for  reaction-time  gave  the  most  positive  re- 
sults showing  that  the  brighter  the  child  the  more  quickly  he  is  able 
to  act.  In  discrimination,  the  same  relation  is  noticeable  but  to  a 
less  degree. 

The  bright  children  and  those  of  average  ability,  as  judged  hy  the 
;hers,  are  about  equal  in  the  length  of  time  required  to  discrim- 
inate but  the  dull   ones  require  a  somewhat  longer  time  at  all  ages 
with  the  exception  of  9,  11  and  13.     The  difference  here  between  the 
classes  is  not  so  great  owing  probably  to  the  fact  that  it  involves  a 
smaller  element  of  reaction-time  which  shows  the  most  marked  dif- 
ace.     In    turning    to    the    last  one,    viz  :  time-memory,    it  may 
be  said  in  general  that  the  brighter  the  child  the  more  accurate  his 
■  of  time.     It  is  impossible  to  say  that  this  is  the  case  with  all 
_     .  because  the  curves,  as  can  be  seen,  cross  and  re-cross  so  fre- 
quently as  to  he  of  but  little  value  further  than  to  indicate  the  rela- 
tion of  the  three  grades  in  a  very  general  way. 


Mental  and  physical  development  of  school-children.  95 

Comparisons  with  the  results  of  other  investigators. 

Owing  to  the  limited  amount  of  investigation  on  the  mental  devel- 
opment of  school-children  but  little  can  be  said  as  to  how  my  mental 
tests  agree  with  other  investigations.  For  the  purely  physical  tests, 
weight,  height  and  lung-capacity,  more  material  presents  itself. 
For  purposes  of  comparison  with  the  first  two — weight  and  height — 
I  have  chosen  the  results  of  Bowditch1  of  Boston  and  of  Peckham3 
of  Milwaukee.     The  weights  of  the  children  in  both  these  investiga- 

Table  XIII. 
Comparative  weights  of  Boston.  Milwaukee  and  New  Haven  school-children. 


Age. 

B 

M 

NHa 

Nl ■/,. 

B 

M 

NHa 

XITp 

Boys. 

Gu 

Is. 

6 

45.17 

44.81 

47.86 

46.8 

43.23 

43.12 

45.92 

44.3 

7 

49.07 

49.10 

52.08 

51.2 

17.46 

46  97 

49.65 

50.4 

8 

53.92 

53.81 

56.49 

52.5 

52.04 

50.87 

53.32 

53.0 

9 

59.23 

59.46 

61.69 

60.0 

57.07 

56.44 

59.27 

58.8 

10 

65.30 

65.35 

68  31 

68.4 

62.35 

62.45 

66.09 

62.7 

11 

70.18 

70.92 

75.57 

70.8 

68.84 

68.84 

72.36 

70.0 

12 

76.92 

76.08 

83.25 

82.3 

78.31 

77.82 

86.09 

84.5 

13 

84.84 

84.89 

90.95 

88.0 

88.65 

87.96 

92.97 

92.0 

14 

94.91 

95.76 

97.45 

91.7 

98.43 

97.64 

97.15 

98.0 

15 

107.10 

109.05 

109.95 

110.0 

106.08 

105.87 

103.06 

104.0 

16 

121.01 

122.06 

126.03 

127.0 

112.03 

110  58 

111.41 

113.0 

n 

127.49 

130.:;:. 

126.70 

130.0 

115.53 

113.32 

118.45 

113.7 

B,   weight   of  Boston   school-children   in  NHa,  weight  of  New   Haven  school-chil- 

pounds.  dren  in  pounds — arithmetical  averages. 

.1/,    weight  of  Milwaukee  school-children  NHp,   weight  of  New  Haven  school-chil- 

in  pounds.  dren  in  pounds — median  values. 

tions  as  well  as  in  mine  were  taken  in  ordinary  clothes.  My  original 
calculations  were  made  by  the  method  of  median  values  and  the 
curves  previously  given  are  plotted  upon  this  method.  Since  the 
results  of  both  Bowditch  and  Peckhaji  were  obtained  by  arith- 
metical averages,  for  sake  of  comparison  of  the  two  methods,  and  also 
for  comparison  of  localities,  I  recalculated  my  results  by  arithmetical 

1  Bowditch,  Growth  of  children,  VIII.  Ann.  Rept.  State  Board  Health  Mass.,  307, 
Boston  1877. 

Bowditch,  Growth  of  children,  X.  Ann.  Rept.  State  Board  Health  Mass.,  35,  Boston 
1879. 

Boavditch,  Groioth  of  children  studied  by  Galton's  method  of  percentile  grades, 
XXII.  Ann.  Rept.  State  Board  Health  Mass.,  479,  Boston  1891. 

2  Pkckham.  Growth  of  children,  VI.  Ann.  Rept.  State  Board  Health  Wisconsin,  28, 
Milwaukee  1881. 
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averages.  Notwithstanding  the  protest  of  Peckham  against  the 
median,  in  all  mental  tests,  at  Least  for  getting  a  result  for  each  child, 
it  is  far  preferable  to  the  arithmetical  averages. 

Peckham  found  that  Milwaukee  children  were  heavier  and  taller 
than  Boston  children.  New  Haven  children  are  shown  by  ray 
results  to  be  still  heavier  than  either  of  the  other  two.  The  com- 
parative weights  in  pounds  are  to  be  found  in  table  XIII  and  also 


Fig.  30.    Chart  XXV. 

Lower  curves  for  weight. 

Upper  curves  for  height. 

Boston  boys. 

Milwaukee  boys. 

New  Haven  boys. 

New  Haven  boys— median  values. 
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in  graphic  form  in  charts  XXV  and  XXVI.  As  no  relation 
between  the  arithmetical  averages  and  median  values  was  considered 
above,  I  have  inserted  here  the  curve  of  median  values,  as  well  as  that 
of  arithmetical  averages.  Ages  are  at  the  bottom  ;  the  figures  to  the 
left  indicate  height  in  inches  ;  those  to  the  right  indicate  weight  in 
pounds. 

The  height  of  the  children  in  my  tests  was  taken  with  shoes  ;  those 
of  Bowditch  and  Peck  ham  were  taken  without  shoes.  After  sub- 
tracting the  height  of  an  average  heel  of  a  shoe,  Avhich  is  about  1 
inch,  the  New  Haven  children  are  still  taller  than  those  of  Boston 
and  Milwaukee.  The  results  for  height  are  recorded  in  table  XIV 
and  charts  XXV  and  XXVI. 

Table  XI Y. 
Comparative  heights  of  Boston,  Milwaukee  and  New  Haven  school-children. 


[ge. 

B 

.1/ 
Boys 

NHa 

NHp 

6 

43.75 

44.08 

45.2 

45.0 

7 

45.74 

46.09 

47.4 

47.1 

8 

47  76 

48.05 

49.0 

48.9 

0 

49.69 

50.00 

51.3 

51.2 

10 

51.68 

51.85 

53.0 

53.0 

11 

53.33 

53.76 

56.7 

55.9 

12 

55.11 

54.98 

57.2 

57.0 

13 

57.21 

57.47 

59.2 

58.8 

14 

59.98 

59.89 

60.4 

59.3 

15 

62.30 

62.34 

63.1 

62.8 

16 

65.00 

65.07 

66.7 

63.7 

17 

66.16 

66.60 

67.1 

G6.1 

B 

M 

XHa 

NHp 

Girls. 

43.35 

43.78 

45.0 

44.9 

45.52 

45.93 

46.9 

46.9 

47.58 

47.59 

48.8 

•    48.4 

49.37 

49.81 

51.1 

50.8 

51.34 

51.89 

53.2 

52.8 

53.42 

53.80 

54.1 

54.6 

55.88 

56.47 

58.3 

57.9 

58.16 

58  68 

59.6 

60.4 

69.94 

60.50 

60.7 

61.4 

61.10 

61.59 

62.2 

62.5 

61.59 

62.16 

62.8 

62.5 

61.92 

62.91 

63.8 

63.6 

B,   height   of  Boston    school-children    in 

inches. 
M,  height  of  Milwaukee  school-children  in 

inches. 


S'lln,  height  of  New  Haven  school-chil- 
dren in  inches — arithmetical  averages. 

NHp,  height  of  New  Haven  school-chil- 
dren in  inches — median  values. 


This  difference  in  weight  and  height  is  veiy  likely  due  to  the 
smaller  proportion  of  foreigners  included  in  my  results.  American- 
born  children  are  taller  and  heavier  than  foreign-born  children.1 

So  far  as  the  relation  of  growth  of  different  ages  is  concerned,  the 
same  general  laws  appear  in  my  results  as  those  obtained  by  Bow- 
ditch  and  Peck  ham. 

It  is  interesting  to  notice  the  effect  of  the  private-school  gymnasium 
upon  the  development  of  lung-capacity.    Table  XV  and  chart  XXVII 


1  Bowditch.  VIII.  Ann.  Rept.  State  Board  Health  Mass.,  307, 

m  1877. 
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represent  a  comparison  of  my  results  taken  in  public  schools  with  the 
results  of  Anderson,  taken  in  private-schools  near  New  York.  His 
pupils  underwent  a  daily  training  in  the  gymnasium.  The  boys  in 
his  results  start  at  6  better  than  those  of  the  same  age  in  my  results. 
They  also  develop  more  vapidly.  \o  loss  at  puberty  is  traceable, 
however,  in  his  results  similar  to  that  shown  in  mine.  His  results 
extend  only  to  15  years  of  age.  At  this  age  private-school  boy-  had 
a  lung-capacity  of  205  cubic  inches;  public-school  boys  by  my  results 
only  had  a  capacity  of  170.:^  cubic  inches,  and  only  202.5  eubic  inches 
at  17,  which  is  2.5  cubic  inches  less  than  private-school  boys  had  at 
15.     In  girls  tin1  difference  is  even  more  noticeable,  for  at  6  the  girls 


Fig.  31.    Chart  XXVI. 

Lower  curves  for  weight. 
Upper  ci  height. 

Boston  jm-ls. 

...  Milwaukee  girls. 

New  Baven  girls. 

New  Haven  girls— median  values. 
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Table   XY. 
Comparative  lung-capacities  for  public-  and  private-school  children. 


I'/'-- 

P 

XHa 

XHp 

Boys.  - 

6 

64 

57. 1 

56.0 

T 

80 

65.6 

66.0 

8 

88 

71.8 

73.0 

9 

106 

82.7 

83.0 

10 

124 

92.8 

91.5 

11 

144 

106.3 

104.0 

12 

150 

117. J 

113.5 

13 

168 

124.4 

120.0 

14 

188 

120.4 

125.0 

15 

205 

170.3 

161.0 

16 



189.3 

187.0 

17 

202.5 

204.0 

P,  lung-capacity  of  New   York    pri\ 

school  children. 
Mia,  lung-capacity  of  New  Haven  public- 
ool  children — arithmetical  averages. 


p 

XHa 

XHp 

Cirl- 

35 

49.2 

50.0 

40 

58.9 

54.0 

48 

64.2 

66.0 

65 

73.4 

72.5 

80 

80.3 

82.0 

106 

83.6 

83.0 

125 

104.6 

104.0 

136 

108.1 

105.0 

150 

107.8 

105.0 

155 

116.3 

116.0 

-  -  - 

119.9 

115.0 

124.0 

118.5 

XHp,  lung-capacity  of  New  Haven  public- 
school  children — median  values. 


f  SO  //  /J  J3 

Fig.  33.    Chart  XXVII. 

Private  school  boys. 

Private  school  girls. 

Public  school  boys. 

Public  school  girls. 
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at  private  schools  have  a  smaller  lung-capacity  lmt  develop  so  rapidly 
as  at  10  years  of  age  to  equal  those  of  public  schools.  Thereafter 
the  rapid  development  continues  so  that  at  IT  they  have  attained  155 
cubic  inches  while  my  results  only  show  116.3  cubic  inches  for  public- 
school  girls;  even  at  1 7,  public-school  girls  have  only  124  cubic  inches 
capacity,  which  is  31  cubic  inches  less  than  that  of  private-school 
crirls  at  L5.  The  curves  of  chart  XXVII  show  an  enormous  differ- 
ence  between  the  two  classes  of  children.  There  is  added,  however, 
a  note  t<>  Anderson's  table:  "It  cannot  be  said  of  them  that  they 
indicate  just  what  the  averages  should  be."  The  results  of  this 
table,  however,  were  averages  of  about  600  children  of  each  age. 

In  chart  XXVII  the  ages  are  at  the  bottom  and  the  figures  at  the 
left  indicate  the  lung-capacity  in  cubic  inches. 
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E.  W.  Scripture. 

In  preparing  for  publication  Dr.  Gilbert's  Researches  on  the  men- 
tal and  physical  development  of  school-children,  several  matters 
seemed  to  me  to  require  a  further  statement. 

Suggestion-test.  The  large  and  the  small  standard  are  of  the  same 
weight,  namely,  w=55s.  The  diameter  of  the  small  standard  was 
d=2.2cm,  and  of  the  large  standard  Z>=8.2m.  The  weights  of  the 
l  f  Mocks  were  successively 

i?1==15S;  i>2=20*;  .     .     .;^14=80=, 

the  difference  between  any  two  successive  blocks  being  pt— p-=.5%. 
The  diameter  was  8  — 3.5s  for  all.  The  result  of  the  child's  two 
judgments  was  that  w-=.pk  for  the  small  standard  and  w=zpt  for  the 
large  standard.  The  amounts  of  difference  vk-=.pk— w  and  Vi=.pi—io 
can  be  taken  as  measures  of  the  effect  of  the  different  sizes  of  the 
standard  and  the  blocks  of  the  1 4-series.  As  all  blocks  were  cylin- 
ders of  the  same  length,  we  can,  if  we  neglect  effects  of  contrast  of 
length  to  diameter,  express  the  difference  in  size  by  the  areas  of  the 
ends.  Thus  the  visual  suggestions  can  be  indicated  b}-  ^(7rS2  — wd~)=uk 
and  \{irD-— 7r8")=Mj  respectively.  As  the  differences  vk  and  v}  disap- 
pear when  the  blocks  are  lifted  without  being  seen,  we  can  put 

«*=/*(«*)  and  v^f^u). 

Full  expressions  for  fk  and  ft  for  a  given  individual  would  give 
the  law  of  suggestion  for  the  given  case.  The  determination  of 
this  law  was  not  the  object  of  the  investigation,  in  which  uk  and 
ut  were  taken  constant.  For  the  sake  of  brevity  the  difference 
between  the  large  block  and  the  small  block  was  taken  as  the  amount 
of  suggestion  ;  thus  the  constant  suggestion  was  taken  as 

/S=  Uk  +  Ui=.\  {ttD"  —  ird") . 

The  result  of  this  suggestion  is 

S=vk  +  v,. 

If  by  A  we  indicate  the  age  then 
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and  by  taking  S=  constant,  we  obtain 

n=j\A) 

or  the  force  of  suggestion  as  a  dependent  on  age. 

Method  of  computation.     The  method  of  computing  the  results 
can  be  thus  indicated.     Lei  the  results  be 

K  h.<  •     •     •>  ° 


where  the  letters  ",  ^',  .     .     .,  I  refer  to  different   children  and  the 
indices  1,  2,  .     .     .,  n  refer  to  experiments  on  the  same  child. 

If  we  express  by  7?r— /'(.'•)  the  fact  that  R  is  determined  from  the 
i  powers  of  .<'.  then  for  the  median  we  have  the  general  expression 

Mj=f  (•',.  -'V  •     •     •>  ;,'n) 
and  for  the  arithmetic  mean 

For  the  reasons  indicated   on   p.   23  the  mean   variations  are  deter- 
mined as  f. 

We  have  thus  for  the  individual  children  the  medians 

ca=f^(i,  «2,  •     •     .,  an) 
cb=f0(b1,  &2,  .     .     .,  b„) 


ct=f oih>    h>  •     •     •>    *«) 

The  mean  variations  for  the  individual  children  will  he 

D«=fAlai— C«I  [«*—<!>  •    •   •>  [«»— c«]) 

a=/;(IA-c4j\  ia-cj, .  .  .,  [*„-cjj 


A=/,(K     -«J,     [/,-«,],    .        .        .,     ft-C,]) 
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These  mean  variations  can  be  regarded  as  psychological  quantities 
expressing  the  accuracy  of  each  child's  judgment.  The  median 
accuracy  of  judgment  for  the  particular  age  r  will  be 

Dr=f{i{I>a,  Db,  .     .     .,  D). 

This  can  be  called  the  mean  personal  insecurity. 

These  individual  quantities  are  quite  different  from  the  statistical 
mean  variations,  which  are  taken  in  order  to  show  the  homogeneit}" 
of  the  children  for  any  given  age.  The  median  for  a  given  age  r  is 
found  by 

The  mean  variation  of  the  children   from  the  general  mean  will  be 

Limited  series.  In  tests  (1),  (2)  and  (3)  it  was  discovered  too 
late  that  the  series  of  blocks  ami  colors  did  not  extend  far  enough 
to  include  extreme  cases.  In  each  table  there  is  a  column  with  the 
percentage  of  cases  where  the  least  perceptible  difference  or  the 
force  of  suggestion  went  be}rond  the  limits  of  the  apparatus,  and  in 
the  charts  dotted  curves  are  given  for  these  cases.  Gilbert  states 
that  the  column  of  mean  values  does  not  give  the  quite  correct 
result  unless  it  be  considered  in  relation  to  the  column  of  percentages 
jusl  mentioned.  This  statement  would  be  true  if  the  mean  value 
used  had  been  the  arithmetic  mean  but  is  not  true  for  Gilbert's 
results  as  the  mean  value  used  was  the  median.  As  explained  on 
p.  32  the  separate  values  influence  the  median  only  as  being  above 
or  below  it.  The  median  child  remains  just  the  same  whether  an 
extreme  child  exceed-  the  recording  power  of  the  apparatus  or  not. 
The  columns  of  means  and  their  curves  are  thus  completely  correct 
in  themselves.  The  columns  of  percentages  of  no-discrimination  give 
really  another  representative  value  of  no  particular  use  in  itself  but 
quite  important  when  compared  with  the  medians  as  indicating  the 
form  of  the  frequency-curve  and  the  even  course  of  the  curve  of 
results  according  to  age.  In  this  respect  it  is  as  important  as  the 
mean  variation. 

The  column  of  these  percentages,  although  having  no  influence  on 
the  median,  does  have  an  influence  on  the  mean  variation.  The 
mean  variations  are  all  too  small  by  a  quantity  £  following  the  law 
&=./  ( P).  If  the  positive  and  negative  mean  variations  had  been 
calculated  for  the  (100  —  P)f0  of  the  cases  separately,  a  deduction  on 
the  assumption  of   (11),  p.  12,  would  have  rendered  it  possible  to 
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calculate  the  actual  moan  variation  for  the  whole  number  indepen- 
dent of  the  limitations  of  the  apparatus.  The  gain,  however,  would 
have  been  incommensurate  with  the  labor;  the  mean-variation-curves 
would  resemble  those  actually  given  and  would  simply  be  steeper  at 
the  left. 

The  columns  headed  PB  and  PG  give  us  the  means  of  answering 
the  question  as  to  when  the  difference  between  the  boys  and  girls 
recorded  for  any  given  age  is  to  be  considered  as  a  true  difference 
between  the  -eves  or  as  merely  the  result  of  the  finite  number  of 
cases  considered. 

The  method  is  as  follows.  Let  the  percentage  of  the  total  n  boys 
within  the  limits  of  the  test  l»e^=(10P — PB)  and  of  those  beyond 
be  q  =  /'/!  :  likewise  for  n  girls  let  the  percentages  be  p'= 
(100  —  PG)  .  q'=PG$.  According  to  a  well-known  theorem1  we 
can  assert  with  a  probability  of  3>(y)  that  the  two  classes  are  differ- 
ent, provided 


n  ii 

where  4>(y)  is  the  function  expressed  on  p.  20. 

I  have  tested  some  specimen  cases  in  this  way  and  find  that  for 
these  three  tests  it  cannot  be  asserted  in  many  cases  with  a  practical 
certainty  of  <£(y)=0.99997S  that  there  is  a  real  difference  between  the 
two  sexes. 

Another  test  is  furnished  bv  Bayes's  theorem  used  on  p.  38.  This 
theorem  can  be  applied  to  all  the  tables. 

In  a  like  manner  the  differences  between  successive  ages  can  be 
tested. 


1  Illustrated  in  Lexis.  Einleitung  in  die  Theorie  der  Bevolkerungst.itistik,  103,  Strass- 
burg  187.",. 


EXPERIMENTS   ON   THE   HIGHEST  AUDIBLE  TONE, 

BY 

E.  W.  Scripture  and  Howard  F.  Smith. 

The  highest  audible  tone,  or  the  upper  limit  of  pitch,  is  that  tone  at 
the  extremity  of  the  series  of  tones  arranged  according  to  pitch  beyond 
which  any  rise  in  frequency  of  vibration  fails  to  produce  a  sensation 
of  tone.  The  highest  audible  tone  is  defined  psychophysical^  by 
the  frequency  of  the  physical  vibrations  corresponding  to  it.  The 
term  "  vibration  "  is  understood  to  mean  one  complete  pendular  oscil- 
lation including  both  phases.  The  highest  audible  tone  has  been 
differently  determined  by  various  observers  :  Sauveur,  6  400  : 
Chladni,  8  192  ;  Wollastox,  25  000  ;  Savart,  24  000  ;  Despeetz, 
36  864  ;  Blake,  40  000  to  60  000. 

The  great  discrepancy  in  the  results  is  usually  said  to  have  been 
due  to  the  imperfections  of  the  apparatus  employed.  There  is  no 
need,  however,  of  this  assumption,  as  there  is  a  source  of  variation 
quite  sufficient  to  explain  the  discrepancy  ;  it  is  unquestionable  that 
these  men  worked  with  tones  of  different  intensities. 

Even  in  the  very  latest  experiments  the  factor  of  intensity  has  been 
generally  overlooked.  Savart  was  the  first  to  observe  that  the 
highest  audible  tone  was  different  for  different  intensities.  Rayleigh1 
took  care  to  keep  his  tones  of  approximately  the  same  intensity. 
Blake,  who  used  a  succession  of  steel  bars  of  varying  length,  pro- 
duced the  tone  by  a  pendulum-hammer  swinging  over  a  graduated 
scale,  thus  insuring  a  nearly  uniform  stroke  and  correspondingly 
uniform  intensity  of  tone.  These  experiments,  however,  went  no 
farther  than  to  secure  a  constant  intensity. 

The  highest  audible  tone  requires  in  each  case  a  measurement  of 
intensity  as  well  as  of  pitch  in  order  to  complete  its  determination. 
It  thus  becomes  important  to  inquire  how  the  pitch  of  this  tone 
depends  on  the  intensity,  or,  in  other  words,  to  determine  what  the 
highest  audible  tone  is  for  each  intensity. 

Apparatus. 

The  first  step  in  solving  this  problem  was  the  selection  of  an  ap- 
paratus giving  tones  of  the  required  pitch,  but  so  arranged  that  the 

'Rayleigh,  Acoustical  observations ;  Very  high  notes,  Phil.  Mag.,  1882  (5), 
XIII  344. 
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intensity  could  be  kept  constant  at  any  desired  point  and  could  be 
readily  and  accurately  varied.  Tuning  forks  were  not  used  because 
the  range  for  the  highest  audible  tone  is  so  wide  that  a  very  large 
number  of  fork-  would  be  required,  and  also  because  the)-  do  not 
admit  any  accurate  regulation  of  intensity.  The  rods  of  Konig  with 
dulum-hammer  are  in  some  respects  better  than  the  forks  but  are 
not  very  easy  to  manipulate  in  rapidly  conducted  tests,  such  as  are 
necessary  in  order  not  to  fatigue  the  observer  ;  moreover,  the  sound 
of  the  impact  of  the  hammer  cannot  fail  to  be  a  disturbing  element 
in  the  experiment.  Neither  the  forks  nor  the  rods  give  a  sustained 
tone,  but  one  of  rapidly  decreasing  intensity. 

The  Galton-Koenig  whistle  was  selected  as  the  most  reliable  and 
readily  manipulated  instrument  for  the  tests  proposed.  It  gives  a 
sustained  tone  as  lone-  ;ls  the  blast  of  air  continues  ;  the  pitch  of  the 
tone  is  readily  and  accurately  varied.  The  whistle  consists  of  a 
brass  tube,  about  7cm  in  length  with  a  cap  screwing  over  one  end. 
To  this  cap  there  is  attached  an  accurately  fitting  piston,  which 
moves  inside  the  tube  as  the  cap  is  screwed  upward  or  downward. 
The  outside  of  the  tube  is  marked  with  a  longitudinal  scale  the  unit 
ef  which  is  lmm,  the  length  of  the  scale  being  12mm.  The  screw  is  so 
arranged  that  one  complete  turn  of  the  cap  carries  the  piston  a  dis- 
tance of  lmm.  The  upper  rim  of  the  cap  is  divided  into  ten  divisions, 
each  one  representing  a  movement  of  the  piston  through  0.1 
These  divisions  being  very  large,  the  sub-divisions  of  O.Ol"1'"  can  be 
obtained  by  the  eve  without  error.  The  maker's  graduation  was 
verified  to  0.01mm.  The  whistle  is  blown  by  a  current  of  air  forced 
into  the  bottom  of  the  tube  ;  near  the  bottom  there  is  a  narrow  slot 
extending  across  one-half  of  the  circumference.  The  whistle  is  thus 
a  closed  labial  pipe  and  the  tone  produce  1  will  be  determined  by 

v 

a  being  the  number  of  vibrations,  v  the  velocity  of  sound  and  I  the 
length  of  the  pipe.  The  velocity  of  sound  in  dry  air  at  0°  C.  is 
generally  given  as  330.7110 ;  for  the  temperature  of  t°  it  will  be 


330.7^/1  +  0.00367  t. 

average  temperature  of  the  room  used  can  be  taken  as  20°  C.  ;  as 
the  temperature  was  not  recorded  we  can  assume  ±  1°  C.  as  the 
limit  of  fluctuation  during  a  set  of  experiments.  This  gives  u  = 
342.525,n  with  a  mean  error  of  5  percent,  (estimated).     As  the  actual 
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mean  variation  for  a  set  of  results  seldom  exceeded  5  per  cent,  it  may 
well  be  supposed  that  the  constant  of  precision  of  the  measurements 
was  in  this  case  determined  by  technical  errors  and  not  by  psycho- 
logical variations.  In  future  experiments  it  will  be  necessary  to  main- 
tain the  room  at  an  even  temperature  during  each  set  of  experiments  ; 
and  to  calculate  the  pitch  with  the  appropriate  value  of  v  for  each 
change,  possibly  also  to  be  on  guard  against  sudden  barometric 
changes. 

It  may  seem  remarkable  that  we  should  have  neglected  to  record 
the  temperature  of  the  room.  We  give  the  following  as  reasons  :  1. 
we  did  not  expect  after  the  elimination  of  the  error  of  air-pressure 
to  find  the  psychological  sources  of  error  smaller  than  the  technical 
ones  ;  2.  the  temperature  of  the  air  has  not  been  regarded  in  pre- 
vious experiments  ;  3.  it  is  not  the  custom  of  psychological  labora- 
tories to  pay  attention  to  the  psychological  and  instrumental  errors 
due  to  changes  in  temperature. 

Several  means  of  blowing  the  whistle  have  been  employed. 
Galton1  used  a  single  rubber  bull).  Zwaakdemakkii2  used  a  fun- 
nel with  a  rubber  membrane  stretched  across  the  large  opening,  the 
smaller  end  being  connected  with  the  whistle  by  a  rubber  tube  ;  the 
funnel  was  depressed  through  a  constant  distance.  These  methods 
arc  none  of  them  strictly  reliable.  The  pressure  is  intermittent  and 
cannot  be  accurately  regulated.  The  only  possible  method  of  obtain- 
ing a  current  of  air  of  constant  intensity,  seems  to  be  by  use  of  a 
rotary-fan  blower.  This  method  has  been  previously  described  and 
tested.3  The  source  of  power  used  by  us  was  an  electric  motor  run 
1>;.  the  city-current;  there  were  no  perceptible  fluctuations  in 
speed.  The  fan-wheel  of  the  blower  made  from  13  000  to  15  000 
revolutions  a  minute.  The  blast  was  carried  by  a  rubber  hose  into 
a  room  in  another  part  of  the  laboratory  ;  thus  all  noise  from  the 
machinery  was  avoided.  The  hose  led  to  a  rubber  tube,  in  which 
was  a  stop-cock.  The  rubber  tube  ended  in  a  glass  T-coupling  with 
a  rubber  tube  on  each  end  of  the  cross-arm.  One  of  these  led  to  the 
whistle,  the  other  to  a  water- manometer.  The  manometer  scale  was 
graduated  to  millimeters  ;  the  height  of  the  column  of  Avater  gave  the 


1Galton,  Whistles  for  audibility  of  shrill  notes,  Inquiries  into  Human  Faculty. 
38,  New  York  1883. 

-  Zwaardemaker,  Der  Umfaiig  des  Gehors  in  den  verschiedenen  Lebensjahren. 
Zt.  f.  Psych,  u.  Phys.  Sinn.,  1894  YII  10. 

3  Scripture,  A  constant  blast  for  acoustical  purposes,  Am.  Jour.  Psych.,  1892 
IV  582. 
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pressure  of  the  Mast  of  ait  supplied  to  the  whistle.  The  pressure 
was  regulated  by  the  stopcock.  In  this  manner  a  constant  blast  of 
air  could  be  maintained  for  any  given  time  and  the  intensity  could 
be  varied  at  will.  The  fluctuations  of  pressure  as  indicated  by  the 
manometer  did  not  exceed  1  percent.  Experiments  were  made  with 
fivedifferenl  pressures,  50mm,  100mm,  150mm,200mmand  250mra.  Within 
the  limits  of  accuracy  of  5  percent,  with  which  the  experiments  were 
conducted,  the  intensity  of  the  vibratory  movement  could  be  con- 
sidered as  varying  in  direcl   proportion  to  the  pressure  of  the  blast. 

In  some  of  the  earlier  experiments  we  used  a  foot-blower  as  a  bel- 
low-. Even  the  best  bellows  cannot  be  accurately  regulated  ;  afoot- 
Mower  still  less  so.  The  following  mean  variations  are  from  experi- 
ments on  trustworthy  observers.  With  the  foot-blower  we  find,  for 
example,  mean  variations  of  lo  .  ])•.  .v,,  '.•.-.  13  ;  with  the 
ry-fan  blower,  :»..■.  ■_  .,".;.-_  .  The  records  are  not  on 
the  same  observers  in  the  two  cases  but  the  difference  is  sufficient  to 
indicate  quite  a  gain  in  accuracy  by  using  the  rotary  blower. 

The  whistle  was  started  near  0,  i.  e.  above  the  upper  limit  of  pitch, 
and  the  cap  was  gradually  unscrewed  until  the  observer  detected  a 
tone.  The  reading  of  the  scale  was  observed  at  this  point.  The 
rap  was  unscrewed  a  little  further  to  make  sure  that  a  good  musical 
tone  was  heard;  then  it  was  screwed  up  again,  stopping  at  the  instant 
the  observer  lost  the  tone.  The  two  readings  were  noted  down  in 
separate  sets,  D  and  A.  This  wras  repeated  five  times,  making  10 
records  with  the  given  intensity.  Sets  of  records  were  made  in  suc- 
cession with  the  five  pressures,  beginning  at  5 0mm.  After  a  rest  of 
about  3  minutes  another  series  of  50  records  was  made  but  the  pres- 
sures were  used  in  the  reverse  order.  This  reversal  of  the  order  of 
the  pressures  eliminated  the  error  of  fatigue,  if  there  was  any. 

It  will  be  noticed  that  the  method  differed  from  that  used  by 
previous  observers,  being  the  method  of  regular  variation.1 

The  execution  of  the  experiments  Mas  in  charge  of  H.  F.  Smith 
who  is  responsible  for  the  care  exercised.  The  setting  up  of  the 
blower,  shafting  and  belting  was  done  by  the  laboratory  mechanic, 
.1.  II.  Ilogan,  who  controlled  the  running  of  the  machinery  during 
the  experiments.  Rubber  belting  was  used,  but  owing  to  its  inferior 
flexibility  it  should  in  future  be  avoided  for  small   pulleys  like  that 


-  kipture.  On  the  method  of  regular  variation,  Am.  Jour.  Psych.,  1891  IV 
■">??. 

Scripture.  Ueber  (He  Aenderungsempfindlichkeit,  Zt.  Psych.  Phys.  Sinn., 
L894  VI  472. 
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on  the  blower  ;  with  the  high  speed  used  it  has  been  ignited  by  the 
slipping.  The  whole  arrangement  of  apparatus  was  supervised  and 
inspected  by  E.  W.  Scripture. 

Computation. 

The  median  value  was  taken  for  each  single  set  of  five  of  the  same 
kind.  For  the  result  descending  or  for  the  result  ascending  the  two 
medians  were  weighted  in  the  usual  way  inversely  as  the  square  root 
of  the  mean  variations  and  were  then  averaged.  For  the  final  result 
the  four  medians  were  weighted  and  averaged. 

As  the  use  of  the  median  is  new,  all  the  results  were  calculated 
also  in  the  usual  way  to  obtain  the  arithmetical  mean.  The  compo- 
nents were  weighted  in  the  regular  way. 

The  computation  was  done  by  E.  W.  Scripture  with  the  aid 
of  Crelle's,  Rechentafeln.  There  were  in  all  120  sets  of  5  results 
each.  The  median  of  each  set  was  first  recorded,  then  the  error  of 
each  result  from  its  median  was  written  underneath  it.  The  average 
of  each  set  and  the  error  of  each  result  were  likewise  computed  and 
were  written  beside  the  median  and  its  errors.  It  was  soon  noticed 
that  the  average  seldom  differed  much  from  the  median  ;  this  was 
used  as  a  check  on  the  computation  of  the  average,  the  whole  com- 
putation being  repeated  in  case  of  much  divergence.  It  was  also 
noticed  that,  given  the  median  and  the  average,  the  errors  from  the 
average  could  be  calculated  from  the  column  of  errors  from  the 
median  ;  for  the  latter  half  of  the  work  this  was  done  by  the  amanu- 
ensis while  the  computer  calculated  the  errors  directly.  As  a  creden- 
tial for  the  reliability  of  the  computation,  it  can  be  said  that  only  one 
mistake  in  the  calculation  of  the  errors  was  found  in  the  results  veri- 
fied in  this  way.  The  mean  errors  of  each  of  the  240  sets  of  five 
errors  were  computed  according  to  the  formula  on  pp.  18,  24,  the  divis- 
ion by  4.5  being  performed  from  the  multiplication  table  for  45. 
The  square  root  of  each  mean  error  was  taken  from  a  table  of 
square  roots.  The  reciprocals  for  weights  were  written  as  decimals 
to  two  places. 

Influence  of  intensity. 

The  results  are  given  in  table  I.  Although  the  results  were  calcu- 
lated into  vibrations,  they  were  allowed  to  stand  in  the  table  as 
hundredths  of  a  millimeter  in  order  to  avoid  the  impression  of  a  false 
degree  of  accuracy  which  arises  when  0.0 rnm  is  turned  into  a  whole 
number  with  zeros  at  the  end.  In  the  curve  (fig.  33)  the  frequencies 
are  given  for  the  sake  of  comparison. 
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Table  I. 
Unit  of  measurement,  0.01mm. 

50mm.        100mm.       150mm.       200""". 

n  .  (932  541  361  247 

Comstock...  j    m  245 

(916  KM  :;iis  276 

t.l-hop 4      924  462  364  iv) 

w  ,  I  955  52 1  381  :-•"> 

Waters 94  ,i  328 

I  938  566  365  265 

Persons <    938  ,..,  ,.,-,. 

„    ..  (923  527  364  339 

GOSlmg <  ■,.,-  366  337 

_    . .  .  I  907  424  317  30*3 

Furbish 1  m  m  202 

Large  figures,  computation  with  medians. 

Small  figures,  computation  with  averages. 
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1.  The  general  result  for  all  observers  indicates  that  the  pitch  of 
the  highest  audible  tone  varies  directly  and  almost  proportionately 
with  the  intensity.  The  deviation  from  exact  proportionality  does 
not  exceed  the  mean  variation  of  the  separate  observers  from  the 
final  averages.  The  curves  of  results  agree  very  closely  for  all 
observers  except  for  the  pressure  250mm.  This  disagreement  may  be 
due  to  the  very  great  and  almost  painful  intensity  of  the  tone. 

2.  The  lowest  results  reach  almost  to  Chladni's  and  the  highest 
almost  to  Blake's,  suggesting  differences  in  intensity  as  the  possible 
sources  of  discrepancy  of  previous  results. 

3.  How  far  the  upper  limit  can  be  pushed  with  still  greater  inten- 
sity, it  is  impossible  to  say.  With  a  pressure  of  250mm  of  water  the 
tone  of  the  Avhistle  is  already  very  painful  and  fatiguing. 

Influence  of  direction. 

Experiments  descending  from  0  of  the  scale,  i.  e.  from  high  to  low 
pitch,  or  from  silence  to  sound,  alternated  with  those  from  low  to 
high,  or  from  tone  to  silence.  The  differences  between  the  two  are 
shown  in  table  II.  In  order  to  detect  any  influence  of  fatigue  the 
separate  pairs  for  a  given  pressure  were  not  united. 

Table  II. 
Unit  of  measurement,  0.01mm. 
50mm.  100mm.  150mm.  200mra.  250mm.  250""".  200mm.  150""".  100mm.  50mm.         E. 
CWtork    I       0     +23       +20       +29  +28+39+38+23 

V,oinsiooh._    ,  0       +  37  +  58  +  43  +50+30+68 

r>- a  f  +42     +55       +21       +65     +55       +75       +50       +45       +41       +46        +50 

S    °P |+43       +   57  +28  +53       +53  +83  +47  +36  +26  +   46 

Waters         1  +U     +46  0+2+5         -  2       +35       +28       +7       +24       +9 


Persons 

Gosling...  -J    , 
Furbish  ..]  +  ^£ 


25       +   16  -   14         +25+3  +11  +  2-  +    2  +15  +17 


f  +40     +25  +26  +17     +10  -  3  +43  +23  +36  +18        +24 

]+43+14  +23  +16+11  -     6  +30  +34  +13  +19 

37     +25  +21  +  2     +28  +26  +  5  +32  +31  +24       +26 

16+13  +19  +   13       +  22  -+13  +9  +34  +   28  +   17 

20     -14  -43  +28     +32  -  6  +14  +36  +16  +36       +18 

22+7  -    41  +30+19  -     6  +34  +30  +     S  +22 


The  figures  give  the  differences  between  results  descending  and  ascending,  D — A. 
Larger  figures,  diffei-ences  between  medians. 
Smaller  figures,  differences  between  averages. 

The  figures  prove  conclusively  that  the  highest  audible  tone  when 
proceeding  from  silence  to  tone  is  much  higher  than  the  highest 
audible  tone  from  tone  to  silence.  The  column  R  gives  the  median 
difference  for  each  person  for  the  various  pressures.     The   average 
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difference  was  not  calculated.  An  inspection  of  the  table  shows  that 
the  averages  run  along  closely  with  the  medians;  the  calculation  of 
the  averages  would  require  considerable  Labor  and  would  add  noth- 
ing to  our  knowledge. 

The  table  makes  evident  that,  within  the  limits  of  accuracy  em- 
ployed, D — A  is  not  a  function  of  the  intensity. 

* 

Fatku  e. 

Single  sets  of  experiments  sometimes  showed  considerable  differ- 
ences whether  taken  at  the  beginning  or  at  the  end  of  the  scries. 
To  determine  the  amount  of  fatigue  the  difference  between  the  first 
pair  and  the  last  pair  for  each  pressure  was  computed.  Thus  a  table 
was  formed  giving  the  differences  between  the  1.  and  10.  pairs,  2. 
and  9.  pairs,  3.  and  8.  pairs,  4.  and  7.  pairs,  5.  and  6.  pairs.  The 
values  showed  such  irregularity  that  it  can  not  be  said  either  that 
fatigue  raises  the  upper  limit  or  lowers  it. 

In  similar  manner  some  of  the  mean  variations  were  compared. 
The  result  was  the  same  ;  it  cannot  be  said  that  fatigue  influences 
the  regularity  of  judgment. 

The  attempt  was  made  to  fatigue  the  ear  directly.  After  the  com- 
plete set  of  experiments  was  finished  with  Bishop,  the  whistle  ivas 
blown  steadily  for  45  seconds  at  200mm  pressure  and  then  1 0  records 
were  taken  at  that  pressure.  The  change  of  upper  limit  was  not 
sufficient  to  warrant  any  conclusion.  This  line  of  experiment  lay 
somewhat  aside  from  the  problem  and  was  not  extended. 

Miscellaneous  observations. 

A  phenomenon,  closely  related  to  fatigue,  appeared  in  the  oscilla- 
tory change  from  sound  to  silence.  If  the  whistle  was  kept  station- 
ary at  the  pitch  where  the  tone  had  just  been  lost,  the  tone  would 
alternately  be  heard  and  lost  again.  The  experience  is  similar  to  the 
phenomenon  of  fluctuation  of  attention  with  weak  sensations. 
Another  fact  noticed  was  that  even  above  where  the  toiie  could  no 
Longer  be  heard,  an  indefinite,  somewhat  painful  sensation  was  felt  in 
the  ear. 

It  may  not  be  uninteresting  to  note  certain  questions  arising  con- 
cerning the  functions  of  the  middle  and  internal  ear.  Helmholtz's 
piano-string  theory  of  the  function  of  the  cochlea  being  accepted, 
does  the  energy  required  to  arouse  the  shorter  resonating  membranes 
increase  as  the  pitch  of  the  membrane  increases?  If  so,  why  should 
there  be  the  oscillating  fluctuation  in  the  hearing  of  the  tone  as  just 
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noted  ?  The  question  of  the  end-organs  being  left  aside,  might  not 
the  abilty  of  accommodation  by  the  tympanum,  as  determined  by  the 
action  of  the  M.  tensor  tympani  be  the  determining  factor  for  the 
highest  audible  tone?  The  extent  of  the  reflex-action  of  a  muscle 
depends  to  some  degree  on  the  intensity  of  the  stimulus  affecting 
the  sense-organs.  The  impulse  to  accommodation  proceeding  through 
sensory  and  motor  centers  might  be  weaker  for  weak  sounds,  the 
tympanum  would  be  less  tightly  stretched  and  as  the  pitch  increased 
the  limit  of  accommodation  would  be  reached  sooner  than  with  louder 
sounds.  On  the  other  hand  loud  sounds  would  produce  a  much 
greater  tension  and  therefore  a  higher  accommodation.  If  this 
hypothesis  is  justifiable,  the  highest  audible  tone  would  be  a  matter 
of  tympanic  accommodation.  The  oscillations  mentioned  would  cor- 
respond to  the  oscillatory  fatigue  and  recovery  of  the  nervous  cen- 
ters reicuhitintr  muscular  effort. 

In  this  connection  it  may  be  suggested  that  the  gradual  falling  off 
in  the  pitch  of  the  highest  audible  tone  with  advancing  age1  may  be 
due,  1.  to  the  gradual  loss  of  function  of  the  resonating  organs  of 
the  cochlea,  proceeding  from  those  of  higher  pitch  downward  ;  2.  to 
the  gradual  obtuseness  of  these  organs,  rendering  them  functionless 
for  a  given  intensity  but  capable  of  answering  to  greater  intensities  ; 
or,  3.  to  a  gradual  decrease  in  the  power  of  accommodation.  The 
problem  cannot  be  settled  till  Zwardemaaker's  experiments  are 
repeated  with  different  intensith-. 

1  Zwardem aaker,  Der  Umfang  des  Gehors  in  den  verschiedenen  Lebensjahren, 
Zt.  Psych.  Phys.  Sinn.,  1894  VII  10. 
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In  an  article  on  the  course  of  muscular  training  Fechner1  recorded 
the  number  of  times  day  after  day  that  lie  was  able  to  raise  two  dumb- 
bells, about  1U  lbs.  each,  once  a  second  from  his  side  to  over  bis 
bead.  The  records  extended  over  sixty  days  in  succession.  They 
show  a  steady  general  gain  with  small  oscillations,  the  general  course 
of  the  curve  representing  the  increase  of  power  owing  to  practice  and 
the  oscillations  showing  the  conflicting  effects  of  fatigue.  The  final 
conclusion,  as  stated  by  Fechner,  is  that  daring  the  first  14  days 
there  "were  no  permanent  effects  of  practice  visible,  that  up  to  the  40. 
day  there  was  a  gradual  gain  and  that  with  the  41.  day  there  was  a 
great  gain  which  increased  rapidly  with  great  oscillations  till  the  55. 
day,  after  which  there  was  a  sudden  fall. 

Volkmann3  made  experiments  on  the  education  of  the  fineness  of 
space-discrimination  as  judged  by  the  skin,  using  Weber's  compass 
in  the  usual  way.  These  experiments,  however,  are  not  quite  com- 
parable with  Feciinek's  as  each  series  was  made  at  a  single  sitting. 
Volkmann's  two  series  of  experiments  on  sight  extended  over  12 
days  and  gave  curves  similar  in  form  to  his  touch  curves.  Volk- 
mann's curves  resemble  Fechner's  if  we  omit  the  flat  part  of  slow 
increase  at  the  beginning  on  the  supposition  that  both  skin  and  eye 
have  already  received  their  early  training.  In  the  same  article  Volk- 
mann  relates  experiments  showing  that  practice  of  the  finger-tip  of 
the  left  hand  increases  the  fineness  of  touch  of  the  finger-tip  of  the 
right  hand  but  does  not  increase  that  of  the  left  fore-arm.  Further 
experiments  show  that  practice  on  the  third  phalanx  increases  the 
fineness  on  the  first  phalanx.  Thus,  training  of  one  portion  of  the 
body  trains  at  the  same  time  the  symmetrical  part  and  also  neighbor- 
ing  parts. 


Fechner,  liber  den  Gang  der  Muskeliibung,  Ber.  d.  k.-sachs.  Ges.  d.  Wiss., 
math.-phys.  KL,  1857  IX  113. 

2  Volkmann,  Ueber  den  Einfluss  der  Uebung  auf  das  Erkennen  raumlicher  Dis- 
tanzen,  Ber.  d.  k.-sachs.  Ges.  d.  Wiss.,  math.-phys.  Kl.,  1858  X  38. 
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Fechxer1  relates  an  observation  by  Weber  on  the  ability 
to  write  with  the  left  hand  obtained  by  learning  with  the  right 
hand.  Fechner  states  that  practice  in  writing  the  figure  9  back- 
ward with  the  left  hand  frequently  caused  him  involuntarily  to 
write  the  9  backward  when  he  used  the  right. 

These  observations  seemed  of  sufficient  importance  to  justify  a 
further  inquiry  regarding  the  general  law  of  education  followed  by 
our  muscular  abilities  and  also  regarding  the  possibility  of  what  may 
briefly  be  called  "  cross-education."  It  proved  most  convenient  to 
make  experiments  on  muscular  control  and  on  muscular  power  ;  the 
former  were  carried  out  by  Miss  Smith,  the  latter  by  Miss  Brown. 

Muscular  control. 

In  undertaking  the  experiments  on  muscular  control  two  ques- 
tions were  proposed  :  1 .  Can  steadiness  of  movement  be  increased  by 
practice  ?  2.  If  so,  is  such  increase  confined  to  the  muscles  immedi- 
ately trained  or,  as  in  the  case  of  discriminating  sensitiveness  of 
the  skin,  are  the  corresponding  muscles  in  the  opposite  half  of  the 
body  affected. 

The  apparatus  used  for  these  experiments  consisted  of  a  Brown  & 
Sharpe  twist-drill  gauge,  2mm  thick,  having  a  series  of  60  holes  vary- 
ing in  size  from  0.0400  in.  to  0.2280  in.  (0.1l60m,n  to  5.7912mm).  This 
was  fixed  on  a  board  in  a  vertical  position  and  connected  with  one 
pole  of  a  battery.  From  the  other  pole  a  flexible  connector  led  to  a 
light  rod  75cm  long  in  the  end  of  which  a  needle  was  inserted.  An 
electric  bell  introduced  into  the  circuit  recorded  any  contact  of  the 
needle  with  the  gauge-plate. 

In  the  first  experiments  the  method  was  tried  of  putting  the 
needle  without  touching  the  plate  into  as  many  successive  holes  of 
decreasing  size  as  possible,  ending  the  trial  at  the  first  error. 
Although  the  results  indicated  a  marked  increase  of  steadiness  in 
both  hands,  the  mean  variation  was  so  great,  owing  largely  to  the 
element  of  fatigue  which  limited  the  number  of  experiments  taken 
at  one  time,  that  they  were  thrown  aside  as  worthless.  After  an 
interval  of  three  weeks,  during  which  the  results  of  the  previous 
training  had  disappeared,  the  experiments  were  resumed.  This  time 
the  measure  of  accuracy  was  the  abilitv  to  insert  the  needle  into  a 
single  hole  0.1 285  in.  (3.2639mm)  in  diameter.    The  vertical  metal  plate 

1  Fechxer,  Beobachtungen,  welche  zu  beweisen  scheinen,  dass  durch  die  Uebung 
der  Glieder  der  einen  Seite  die  der  andern  zugleich  mit  geiibt  werden,  Ber.  d.  k.- 
sachs.  Ges.  d.  Wiss.,  inatli-phys.  Kl.,  1858  X  70. 
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containing  the  hole  was  placed  directly  in  front  of  t he  observer  ;  the 
right  fore-arm  was  rested  <>n  the  edge  of  the  table;  the  stick  was 
grasped  like  a  pencil  and  by  a  steady  movement  of  the  hand  and 
wrist  the  metal  poinl  was  inserted  in  the  hole.  Any  contact  of  the 
point  against  the  side  of  the  hole  was  counted  as  an  error.  The  per 
cent,  of  successful  insertions  was  considered  the  measure  of  accuracy, 
since  the  completion  of  the  experiments  a  new  apparatus  (fig.  34)  has 


Fig.  34. 


been  invented  especially  for  the  purpose.  It  represents  the  result 
of  previous  experience  and  will  be  used  for  future  work.  It  consists 
of  a  flat  block  of  hard  rubber  supported  vertically  by  a  rod.  On  the 
face  of  the  block  is  a  strip  of  brass  in  which  there  are  five  hard  rub- 
ber circles,  1""",  2""",  3mm,  4"""  and  5"""  in  diameter.  Electrical  con- 
nection is  made  by  a  binding-post  at  the  back.  The  edges  of  the 
circles  are  flush  with  the  brass.  The  object  is  to  touch  the  rubber 
circle  with  the  metal  point  by  a  single  steady  movement.  Sufficient 
unsteadiness  of  the  hand  will  cause  the  point  to  touch  the  metal, 
whereupon  the  alarm  is  rung.  With  the  same  circle  the  steadiness  of 
tin-  hand  can  be  considered  to  be  directly  proportional  to  the  per 
cent,  of  successful  trials.  The  movement  of  the  hand  is  guided  by 
sight. 

The  experiments  were  all  made  by  Miss  Smith  with  the  drill  gauge 
before  the  invention  of  the  new  apparatus.  The  first  set  consisted 
of  20  experiments  with  the  left  hand;  the  result  was  50  per  cent,  of 
successful  trials.  Immediately  thereafter  20  experiments  were  made 
with  the  right  hand,  with  a  result  of  60  per  cent,  of  successful  trials. 
On  tin;  following  day  and  on  each  successive  day  two  hundred  ex- 
periments were  taken  with  the  right  hand,  the  same  conditions  in 
regard,  to  time,  bodily  condition  and  position  iii  making  the  experi- 
ments being  m  lintained  as  far  as  possible.  The  percentage  of  suc- 
cessful trials  ran  as  follows:  61,  64,  65,  75,  74,  75,  82,  79,  78,  88. 
The  increase  in  accuracy  is  represented  in  the  curve  in  fig.  35. 

On  the  10.  clay  the  left  hand  was   tested  with   twenty  experiments 


Education  of  muscular  control  and  power. 


m 


as  before,  with  76  per  cent,  of  successful  trials,  thus  showing  an 
increase  of  twenty-six  per  cent,  without  practice  in  the  time  during 
which  the  right  hand  had  gained  as  shown  by  the  figures  above. 


8 


/o 


1-567 
FiG.  35. 

That  the  increase  of  steadiness  was  not  due  to  mere  training  of 
the  muscles  is  shown  by  the  increase  of  steadiness  in  the  unpractised 
left  hand.  That  it  was  due  to  a  training  of  the  attention  seems  to 
be  indicated  by  the  following  facts.  1.  After  a  week's  practice  it 
was  possible  by  a  special  effort  of  attention  to  insert  the  needle  into 
the  hole  successfully  for  any  given  ten  times.  2.  Any  distraction  of 
attention  due  to  noises  or  other  disturbances  invariably  lowered  the 
per  cent,  of  steadiness.  3.  Either  bodily  or  mental  fatigue  lowered 
the  result. 

As  to  the  effect  of  different  directions  of  attention  :  concentration 
upon  the  muscular  movement  to  be  performed  was  unfavorable,  but 
fixation  of  attention  upon  the  objective  point  to  be  reached  by  the 
needle  was  productive  of  the  best  results.  Fatigue  of  the  muscles  of 
the  eye  was  a  more  noticeable  result  than  fatigue  of  the  muscles 
directly  practised.  To  obviate  this  it  was  necessary  to  close  the  eyes 
for  a  few  seconds  between  each  series  of  ten  experiments. 

From  the  results  of  these  two  thousand  experiments  the  following 
conclusions  seem  justified. 


1  18  /'.   W.  Scripture,  T.  L.  Smith  and  E.  M.  Brown, 

1.  Steadiness  of  movement  can  be  increased  by  practice. 

2.  This  increase  of  steadiness  is  not  limited  to  the  control  of  the 
muscles  immediately  trained  bnt  affects  the  control  of  the  cor- 
responding muscles  on  the  opposite  side  of  the  body. 

8.  This  training  seems  to  be  of  a  psychical  rather  than  of  a  physi- 
cal order  and  to  lie  principally  in  steadiness  of  attention. 

MUSCULAB   POWER. 

The  experiments  on  the  increase  of  muscular  power  due  to  practice 
were  made  by  .Miss  Brown.  The  apparatus  consisted  of  a  mercury 
dynamometer  with  a  rubber  bulb.  The  mercury  was  contained  in 
a  closed  bottle  from  the  bottom  of  which  rose  an  open  vertical  glass 
tube.  Another  tube  from  the  bottle  led  to  the  bulb  by  means  of 
rubber  tubing.  The  bulb  and  the  space  in  the  bottle  wei-e  filled  with 
water,  thus  giving  water-transmission  of  the  pressure.  By  means  of 
a  Y-tube,  a  stopcock  and  an  adjustable  reservoir  of  water  the  mer- 
curv  could  be  readily  adjusted  to  the  zero-point.  The  graduation 
on  the  scale  back  of  the  mercury  tube  was  in  inches.  The  person 
experimented  on  was  seated ;  the  bulb  was  grasped  in  the  hand  and 
was  squeezed  as  strongly  as  possible.  The  height  attained  by  the 
mercury  was  observed  ;  after  about  a  minute  employed  in  making  the 
record  and  resting,  the  experiment  was  repeated.  Ten  experiments 
were  made  on  each  occasion  excepting  the  16.,  when  only  6  were 
made.  The  first  set  was  made  on  7  III  1894  with  the  left  hand  ;  the 
average  was  29.6  inches.  Immediately  thereafter  a  set  was  made 
with  the  right  hand.  On  following  days  the  experiments  with  the 
right  hand  were  repeated  with  results  as  given  in  the  table. 

Date,  Pressure  in  inches 

March.  of  mercury. 

L  E 

7  29.6  28.8 

8  33.7 

9  35.6 
10  36.6 
12  40.9 
U  44.7 

15  47.0 

16  48.8 
20                              42.3  48.6 

Immediately  after  the  experiments  with  the  right  hand  on  the  20. 
they  were  again  made  with  the  left  hand  which  had  not  been  used 
in  the  mean  time. 
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The  results  show  a  steady  increase  in  the  muscular  power  of  the 
right  hand  due  to  direct  practice  and  also  an  increase  in  the  power 
of  the  left  hand  due  to  what  we  might  call  "indirect  practice." 

During  the  progress  of  the  experiments  Miss  Brown  exercised 
both  arms  with  dumb-bells  on  three  successive  evenings  for  a  short 
time.  The  muscles  so  intensely  exerted  in  the  dynamometer  measure- 
ments are  not  very  strongly  called  into  play  in  the  dumb-bell  exer- 
cise. Nevertheless  we  prefer  not  to  lay  weight  on  the  actual  form 
of  the  law  of  increase  in  power  of  the  right  hand  but  to  confine  the 
statement  of  the  result  to  the  single  fact  that  practicing  the  right 
hand  develops  the  left  also. 
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No  greater  misfortune  could  happen  to  psychology  than  to  have  it 
supposed  tli.it  its  measurements  were  physical  or  physiological  rather 
than  purely  mental.  The  phenomena  of  consciousness  are  not  unat- 
tainable things  situated  at  the  central  termination  of  nerve-paths; 
they  are  directly  given,  purely  mental  facts  known  to  every  savage 
or  child  regardless  of  the  existence  of  brain  or  nerves  or  sense-organs. 
A-;  purely  mental  facts  we  can  measure  them  by  one  another  with  an 
accuracy  rapidly  approaching  that  of  physics.  As  mysterious  pro- 
ses resulting  from  a  complicated  succession  of  physiological 
changes,  we  can  do  nothing  with  them. 

The  treatment  of  the  blind-spot  is  a  striking  illustration  of  the  dif- 
ference in  the  physiological  and  the  psychological  points  of  view. 

In  Helmholtz's  Physiologische  Optik  the  blind-spot  is  treated  as 
a  physiological  matter  and  is  used  to  prove  that  the  optic  nerve  is 
not  directly  sensitive  to  light.  The  first  step,  however,  is  men- 
tal; in  our  field  of  vision  we  find  a  constant  spot  on  winch 
we  are  blind.  We  may  know  nothing  about  the  optic  nerve 
or  the  function  of  the  eye,  but  the  fact  of  blindness  can  easily 
be  made  apparent.  It  is  my  object  to  show  how  this  blind- 
spot  can  be  measured  as  a  fact  of  consciousness  without  the  assump- 
tions of  the  passage  of  rays  into  the  eye,  etc.  After  such  psycho- 
logical  measurements  have  been  made,  the  results  can  be  compared 
with  the  position  of  the  Papilla  nervi  optici  in  relation  to  the  optical 
axis  of  the  eye  and  its  non-sensitiveness  can  be  deduced. 

The  apparatus  required  consists  of  a  board  with  a  straight  side 
(drawing-board),  a  T-square,  a  draughtsman's  triangle  or  a  straight 
piece  of  wood  or  metal  to  be  used  as  a  sliding  piece  against  the 
square,  a  millimeter-scale  and  three  pins.  Two  pins  are  pounded 
into  the  board  close  to  the  straight  edge;  the  head  is  fixed  so  that 
one  is  seen  exactly  behind  the  other.  The  other  pin  is  fastened  into 
the  sliding  piece  or  triangle  and  is  moved  from  one  side  in  a  line  at 


Method  of  determining  the  blind-spot. 


121 


right  angles  to  the  line  of  the  two  pins  until  it  just  disapjDears;  this 
is  the  edge  of  the  blind-spot.  The  T-square  is  now  moved  nearer  or 
farther  away  and  the  measurement  repeated.  The  results  for  the 
left  eye  are  indicated  in  the  diagram. 
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Fig.  36. 


The  two  vision-pins  are  at  any  points  a  and  b.  The  edge  of  the 
T-square  is  put  at  c;  at  the  point  e  the  movable  pin  disappears. 
When  the  T-square  is  placed  at  d,  the  pin  disappears  at/*.  What 
is  the  angular  distance  of  the  edge  of  the  blind  spot  from  line  of 
regard?  Drag fg  parallel  to  ab\  this  gives  gfe=cp  as  the  angle  to 
be  determined.      Since  ge  =  ce  —  df,   and  gf=cd,  we  get  at  once 


tan  <p  = 


ce—df 
cd 


If  we  thus  determine  cp  for  the  inner  edge  and  in  a  like  manner  qj' 
for  the  outer  edge  of  the  blind-spot,  the  angular  diameter  of  the 
blind-spot  is  cp"  =  qj  —  q>. 


TESTS  OF  MENTAL  ABILITY  AS  EXHIBITED  IN 

FENCING, 

BY 

E.   W.  Scripture. 


The  visit  of  several  expert  swordsmen  to  Yale  furnished  the  oppor- 
tunity for  some  experiments  on  their  rapidity  and  accuracy  in  some 
of  the  fundamental  movements  of  fencing. 

The  first  experiment  included  a  determination  of  the  simple  reac- 
tion-time and  of  the  time  of  muscular  movements.  The  fencer  stood 
ready  to  lunge,  with  the  point  of  the  foil  resting  to  one  side  against 
a  metal  disc.  A  flexible  conducting  cord,  fastened  to  the  handle  of 
the  foil,  hung  in  a  loop  from  the  back  of  the  neck.  A  large  metal 
disc  was  placed  against  the  wall  directly  in  front  of  the  fencer  at  a 
distance  of  75cm.  Just  above  this  disc  was  a  small  piece  of  paper 
which  could  be  moved  by  an  operator,  standing  a  distance  away.  A 
movement  of  the  paper  was  the  signal  upon  which  the  lunge  was 
executed.  The  movement  of  the  paper  was  accomplished  by  a  single 
movement  of  an  electric  switch.  The  spark-method  of  recording 
was  so  arranged  that  the  primary  circuit  passed  through  the  electric 
switch,  a  spark-coil,  the  flexible  conducting  cord,  the  foil  and  either 
one  of  the  two  discs.  Every  make  and  break  of  this  circuit  made  a 
spark-record  on  the  drum.  As  long  as  the  foil  rested  against  the 
small  disc  the  current  was  closed.  The  movement  of  the  switch 
broke  the  circuit  for  an  instant,  making  a  record  of  the  moment  of 
stimulus.  The  first  movement  of  the  foil  broke  the  circuit  at 
the  small  disc,  making  a  record  of  the  moment  of  reaction.  The 
striking  of  the  foil  against  the  large  disc  made  a  third  record.  *The 
time  between  the  first  and  second  records  gave  the  simple  reaction- 
time;  that  between  the  second  and  third  gave  the  time  of  move- 
ment through  the  given  distance.  About  10  experiments  were  made 
on  each  person. 

In  the  second  experiment  there  was  one  piece  of  paper  each  above, 
beside  and  below  the  direction  of  the  toil.     The  point  of  the  foil 

'Bliss,  Researches  on  reaction-time  and  attention,  Stud.  Yale  Psy.  Lab.,  1892- 
1893  I  1  (8,  U>. 
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rested  against  the  small  disc.  The  movement  of  any  one  of  these 
was  the  signal  for  a  corresponding  movement  of  the  foil.  The 
papers  were  moved  in  irregular  succession.  Acts  of  discrimination 
and  choice  were  thus  introduced  into  the  reaction-time.  The  move- 
ment of  any  one  of  the  pieces  of  paper  and  of  the  foil  away  from  the 
disc  gave  records  as  before.  The  time  required  can  be  called  the 
reaction-time  with  discrimination.  About  10  experiments  were  made 
on  each  person. 

The  last  experiment  consisted  of  lunging  at  the  center  of  a  paper 
target  8cm  in  diameter.  The  average  distance  of  the  seven  best 
lunges  was  taken. 

The  persons  experimented  upon  consisted  of  Dr.  Graeme  Ham- 
mond, Dr.  Echverria,  Dr.  P.  F.  O'Connor  and  Mr.  Shaw,  all  expert 
amateur  fencers,  A.  Jacobi,  master  of  arms  of  the  New  York  Ath- 

■ 

letic  Club,  Prof.  Ladd,  formerly  practised    in  fencing,  and  Prof. 
Williams,  with  no  knowledge  of  fencing. 
The  results  were: 

1.  Simple  reaction-time:  Echverria,  173CT;  Williams,  186ff;  Ham- 
mond, \8la;  Ladd,  225*;  Jacobi,  231ff;  Shaw,  233ff;  O'Connor,  256<T. 

2.  Time  of  muscular  movement  involved  in  the  lunge  through  V5cm: 
Jacobi,  267ff;  O'Connor,  294ff;  Echverria,  306ff;  Shaw,  322ff  ;  Ham- 
mond, 323ff;  Ladd,  5 IV7;  Williams,  568ff. 

3.  Reaction-time  with  discrimination:  Hammond,  221ff;  Ladd, 
23717;  Williams,  254ff;  Jacobi,  289ff;  Echverria,  304ff;  Shaw,  351°; 
O'Connor,  362(T. 

4.  Average  distance  of  seven  best  lunges  from  center:  Shaw,  18mm; 
Hammond,  20mm;  Ladd,  21mm;  O'Connor,  22mm;  Jacobi,  24mm; 
Echverria,  23mm;  Williams,  36mm. 

The  experiments  probably  derive  their  chief  value  as  calling  atten- 
tion to  the  experimental  study  of  the  psychological  elements  involved 
in  games,  sports,  gymnastics  and  all  sorts  of  athletic  work.  Without 
experimenting  on  large  numbers  of  fencers  and  others,  I  would  not 
attempt  to  make  any  quantitative  comparisons  between  the  two. 
The  following  qualitative  conclusions  seem,  however,  to  be  fully 
justified. 

1.  The  possibility  of  analyzing  fencing  movements  into  their  men- 
tal and  bodily  elements,  and  of  measuring  these  elements,  has  been 
proven. 

2.  The  average  fencer  is  not  quicker  in  simple  reaction  (where  a 
few  mental  elements  are  involved),  than  a  trained  scientist,  and 
neither  class  shows  an  excessive  rapidity. 
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3.  When  once  the  mind  is  made  up  to  execute  a  movement,  fencers 
are  far  quicker  in  the  actual  execution.  In  rough  figures,  it  takes 
tlu-m  only  half  as  long  as  the  average  individual. 

4.  As  the  mental  process  becomes  more  complicated,  the  time  re- 
quired by  the  average  fencer  is  greater  than  that  required  by  a 
trained  scientist.  The  shortest  time  of  all,  however,  is  that  of  Dr. 
Hammond,  whose  mental  quickness  has  probably  been  developed  in 
some  other  way. 

5.  The  general  conclusion  seems  to  be  that  fencing  does  not 
develop  mental  quickness  more  than  scientific  pursuits,  but  it  does 
develop  to  a  high  degree  the  rapidity  of  executing  movements.  It 
would  be  important  to  determine  if  this  holds  good  of  the  other 
sports  and  exercises,  or  if  some  of  them  are  especially  adapted  to 
training  mental  quickness. 
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MEASUREMENTS  OF  ILLUSIONS  AND  HALLUCINATIONS 

IN  NORMAL  LIFE, 

BY 

C.    E.    Seashore,    Ph.D. 


PART   FIRST. 

Illusions    of    weight  :    influence    of   knowledge    of    size    on 

judgment  of  weight. 

When  an  object  lifted  is  found  heavier  than  was  expected,  it  is 
overestimated,  and  when  it  is  found  lighter  than  was  expected,  it  is 
underestimated.  The  strongest  and  most  frequent  illusion  of  this 
kind  in  normal  life  is  perhaps  thai  which  is  caused  by  our  accustomed 
associations  between  the  properties  <>f  size  and  weight  of  objects. 
The  aim  in  Part  First  of  this  research  is  to  investigate  the  nature 
and  extent  of  the  illusions  of  weight  as  caused  by  knowledge  of  the 
size  of  the  body  lifted.  Illusions  of  weight  from  other  sources  are 
incidentally  considered.  The  experiments  were  made  between 
October,  1893,  and  May,  1895. 

The  problem  is  a  development  from  a  test  made  by  Gilbert1  on 
the  suggestive  force  of  size  on  judgment  of  weight.  Dresslar2  has 
made  a  statistical  study  of  the  same  illusion,  and  it  had  previously 
been  noticed  and  subjected  to  experiment  by  others.3  Since  the 
present  experiments  were  completed,  a  monograph  by  Griffing4  has 
appeared,  in  which  he  touches  upon  the  same  illusion  in  so  far  as  it 
is  connected  with  the  sense  of  impact  and  pressure  ;  Flournoy5  also 
reports  a  very  popular  experiment  on  the  same  illusion. 

1  Gilbert,  Researches  on  the  mental  and  physical  development  of  school  children.  Stud. 
Yale  Psych.  Lab.,  1894  II  43-45,  59-63. 

2  Dresslar,  Studies  in  the  psychology  of  touch,  Am.  Jour.  Psych.,  1894  YI  313. 

3  Charpentier,  Analyse  de  quelques  elements  de  la  sensation  de  poids,  Archives  de 
Physiol.,  1891  (5)111126. 

Muller  and  Schumann,    Ueber  die  psychologischen    Grundlagen  der   Yergleichung 
gehobener  Gewichte,  Archiv.  f.  d.  ges.  Physiol.  (Pflug.),  1889  XLV  37. 

4  Griffing.  On  the  sensations  of  pressure  and  impact,  Psych.  Kev,  1895  II  Suppl.  I. 
6  Flou rx oy,  De  V influence  de  la  perception  visuelle  des  corps  sur  leur  poids  apparent 

L'Annee  Psych.,  1894  I  198. 
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First  serit  s  of  •  ■•■/•<  rinu  nts  :    Tnflm  nee  of  size  on  judgnu  nt  of  weight 
when  sizi  is  estimated  by  direct  sight. 
Two    -civ  of  cylindrical    blocks    31"       in   length    wore   made   of 
brass   tubing  with    hard-rubber   ends.     An    additional    hard-rubber 

disk  on  each  end.  2m  ;  thick  and  I5mm  in  diameter,  served  for  the 
place  of  grasping.  The  entire  length  of  each  block  was  thus  35mm. 
In  order  that  the  appearance  of  the  surface  should  not  suggest  any 
definite  material,  the  blocks  were  all  painted  a  dull,  smooth  black 
with  optical  varnish. 

Each  set  consisted  of  17  blocks.  Set  A  varied  in  size  and  had  a 
uniform  weight,  while  Set  P>  varied  in  weight  and  had  a  uniform 
size.  The  blocks  in  Sel  A  varied  in  diameter  according  to  a 
geometric  series  in  which  the  regular  increment  is  one-tenth.  Those 
in  Set  B  were  arranged  in  arithmetic  series  according  to  weight  with 
a  successive  difference  of  5 '. 

In  the  following  account  the  blocks  will  be  distinguished  by  the 
names  A  and  B  with  their  respective  numbers  in  the  series. 

The  blocks  of  Set  A  were  of  a  constant  weight,  80g,  and  of  diame- 
ters in  millimeters  as  follows,  beginning  with  the  smallest  :  20.0, 
22.0,  24.2,  26.6,  20.3,  32.2,  35.4,  39.0,  42.9,  47.2,  51.9,  57.1,  62.8,69.1, 
76.0,  83.6,  91.9. 

The  blocks  of  Set  B  were  of  a  constant  diameter,  42.9mm,  and  of 
weights  in  grams  as  follows,  beginning  with  the  lightest  :  40,  45,  50, 
55,  60,  65,  70,  75,  SO,  85,  90,  95,  100,  105,  110,  115,  120. 

It  is  to  be  observed  that  the  uniform  weight  for  Set  A  is  the  same 
as  the  weight  of  B  (9),  the  middle  block  in  Set  B  ;  and  the  uniform 
size  in  Set  B  is  the  size  of  A  (9),  the  middle  block  in  Set  A.  The 
limit  in  diameter  of  the  extremes  was  determined  by  the  size  which 
will  admit  of  uniform  grasp. 

The  material  of  which  the  blocks  were  made  was  not  appreciably 
subject  to  change  from  the  ordinary  variations  of  temperature  and 
atmospheric  condition.  The  weight  was  made  accurate  within  a 
limit  of  0.0256. 

The  two  sets  were  placed  on  a  tray  that  had  a  soft,  black  cloth 
bottom,  Set  A  being  arranged  in  order  of  size  and  Set  B  in  order  of 
ght. 
The  observer  placed  himself  by  the  table  on  which  the  tray  stood 
in  such  a  position  that  by  moving  back  and  forth  he  could  lift  any 
block  from  its  place  in  Set  B  and  still  retain  approximately  the  same 
angle  of  the  arm  and  hand.     He  was  requested  to  select  for  each 
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weight  in  Set  A  a  corresponding  one  in  Set  B,  by  taking  one  at  a 
time  from  A  and  placing  it  by  the  side  of  successive  blocks  in  B 
with  which  he  wished  to  compare  it,  lifting  one  at  a  time  until  he 
found  the  one  in  B  which  he  thought  had  the  same  weight  as  the 
one  from  A.  He  was  required  to  use  the  same  hand,  in  the  same 
position,  and  to  clasp  the  disks  of  the  blocks  carefully  between  the 
thumb  and  middle  finger,  so  that  in  every  case  the   touch  and  the 


Table  I. 

Illusion 

of  iu eight  when  the  blocks 

are  seen  directly. 

A 

B 

G 

D 

MV 

20.0 

110.2 

—22.9 

+30.2 

7.5 

22.0 

103.8 

—20.9 

+23.8 

7.0 

24.2 

98.2 

—  18.7 

+18.2 

5.0 

26.6 

94.4 

—16.3 

+14.4 

6.5 

29.3 

94.0 

—13.6 

+14.0 

6.5 

32.2 

89.2 

—10.7 

+  9.2 

8.0 

35.4 

86.3 

—  7.5 

+  6.3 

5.0 

39.0 

85.4 

—  3.9 

+  5.4 

4.0 

42.9 

83.8 

0 

+  3.8 

6.0 

47.2 

30.4 

+  4.3 

+  0.4 

5.0 

51.9 

75.6 

+  9.0 

—  4.1 

4.0 

57.1 

71.6 

+14.2 

—  8.9 

■  >.') 

62.8 

69.0 

+19.9 

—11.0 

6.5 

69.1 

65.8 

+26.2 

—  14.2 

6.5 

76.0 

64.2 

+33.1 

—15.8 

6.5 

83.6 

61.2 

+40.7 

—18.8 

6.0 

91.9 

58.6 

+49.0 

—21.4 

6.5 

A,  size  of  the  block  in  Set  A  (having  a 
weight  of  80s). 

B,  weight  of  the  block  in  Set  B  (having 
a  diameter  of  42. 9mm)  chosen  as  equal  in 
weight  to  the  block  of  Set  A. 

C,  number  of  millimeters  by  which  the 
diameter  in  Set  A  differed  from  that  in 
Set  B. 


B,  grams  by  which  the  estimated  weight 
of  the  block  in  Set  A  differed  from  its 
true  weight;  average  of  a  total  of  25 
experiments  on  15  persons. 

MV,  mean  variation;  to  obtain  the 
mean  variation  for  the  series  each  result 
is  to  be  divided  by  5. 


grip  would  be  constant.  He  was  at  liberty  to  try  each  block  a 
sufficient  number  of  times  to  satisfy  himself,  but  was  warned 
against  making  so  many  repetitions  that  a  disturbing  fatigue  would 
set  in.  When  the  experiment  was  repeated  on  the  same  day,  sufficient 
rest  was  allowed  between  each  set,  and  the  observer  was  ahvays 
cautioned  to  guard  against  any  guess-work,  theory,  or  memory  of 
previous  judgments.     The  observer  had  no  names  for  the  blocks,  but, 
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as  he  indicated  bis  choices,  the  experimenter  kept  private  record. 
11.  saw  the  difference  of  size  in  A  and  was  told  the  difference  and 
order  of  weight  in  B.  Before  beginningthe  experiment,  he  had  the 
privilege  of  trying  the  blocks  at  random,  and  in  the  experiment  no 
restrictions  were  made  in  regard  to  what  order  the  A's  should  be 
taken  in  the  set. 


Influence  of  size  on  juscments 
of  weight 


ROPORTIONAL   UNITS 


Fig.  1. 


Influence  of  size  on  judgments 
of  weight 

Difference  in  size,x  =  A-B  in  mm. 
Difference  in  weight, y=B-A  in  g. 

Actual  results 
Ideal  results 


Fra.  2. 

This  method  insures  a  direct  measurement  of  the  illusion  caused 
by  the  influence  of  size  in  discrimination  of  weight.  The  results  are 
given  in  Table  I,  and  arc  graphically  represented  in  figures  1  and  2. 

In  fig.  1  each  successive  increment  of  yL-  of  the  size  is  repre- 
sented by  one  unit  of  the  abscissa.     If,  according  to  Weber's  law, 
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proportional  increments  are  perceived  as  equal  increments,  the 
successive  differences  are  equal.  The  chart  thus  represents  the  dif- 
ferences in  diameter  as  perceived. 

The  curve,  fig.  2,  shows  that,  with  slight  exception,  proportional 
increments  of  size  produce  illusions  of  equal  absolute  differences  in 
weight. 

The  uniformity  of  the  mean  variation  is  strong  evidence  of  the 
regularity  of  the  illusion.  In  these  25  experiments  it  varies  between 
4g  and  8s.  The  15  observers  are  in  such  consensus  that  even  in  the 
case  of  the  greatest  illusion  the  mean  variation  is  only  6.5g,  while 
for  the  ninth  weight,  where  there  is  no  illusion,  the  error  of  observa- 
tion is  6g.  This  fact  tends  to  show  that  the  influence  due  to  size  in 
the  determination  of  weight  within  a  middle  range  is  almost  as  potent 
as  an  absolute  difference  in  weight. 

This  regularity  is  further  emphasized  by  the  fact  that  there  is  not, 
for  all  these  observers,  a  single  exception  as  to  the  direction  of  the 
illusion  in  the  first  three  and  last  six  blocks  in  the  set. 

The  psychological  laws  expressing  the  influence  of  knowledge  of 
size  on  judgment  of  weight,  within  a  limited  range,  may  be  formu- 
lated as  follows  : 

1.  Bodies  of  similar  material  that  have  the  same  weight,  but  differ 
in  size,  appear  to  differ  in  weight  when  compared. 

2.  The  larger  is  underestimated  and  the  smaller  is  overestimated. 

3.  The  intensity  of  this  illusion  varies  directly  with  the  perceived 
amount  of  difference  in  size  between  the  bodies  compared. 

Second  series  of  experiments :  Persistence  of  tht  illusion  of  weight. 
A.     Actual  relations  of  weight  unknown. 

Having  determined  that  the  direction  of  the  illusion  Avas  the  same 
for  all  persons  tried,  and  that  it  approximated  the  same  amount,  the 
next  step  was  to  test  its  persistence. 

In  this  problem  the  first  question  to  be  settled  was  this  :  Does  the 
illusion  persist  in  spite  of  continued  practice  in  attempting  to  gain 
accuracy  in  discrimination  for  weight,  as  long  as  the  observer  does 
not  know  the  actual  weight  or  the  presence  of  the  illusion  ? 

Four  careful  observers  were  selected  and  subjected  to  the  same 
tests  independently,  according  to  the  same  method  of  experimenting 
as  in  the  preceding  series. 

Each  observer  tried  the  same  complete  experiment  twenty  times, 
under  similar  circumstances,  making  two  experiments  each  day.     No 
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tion  as  to  the  degree  of  accuracy  or  success  was  given  during 
the  progress  of  the  experiments.  The  instructions  emphatically 
expressed  were:  "Theobjecl  of  these  experiments  is  to  determine 
whether  you  can  improve  in  the  accuracy  of  this  discrimination  by 
practice.  Do  not  allow  yourself  to  be  influenced  in  the  least  by 
memory  of  previous  judgments  or  any  theory  of  order  or  expected 

suits." 

In  addition  to  the  error  of  observation,  expressed  by  the  choice  of 
corresponding  15'-  for  A  (9),  an  extra  test  for  the  normal  degree   of 


Tabi 

E    II. 

Persistence  of  the  illusion  of  weight  when  the  fact  of  the  illusion  is 

not  knoion. 

C 

Dj 

MV 

Da 

MV 

Dm 

MV 

Div 

MV 

AD 

—22.9 

4-22.8 

2.0 

4-33.8 

1.8 

4-31.8 

1.7 

4-27.8 

1.9 

4-28.9 

—20.9 

4-18.5 

0.8 

4-31.0 

1.4 

4-28.3 

1.5 

4-23.3 

2.8 

4-25.3 

—18.7 

4-15.5 

0.9 

4-25.5 

2.1 

4-23.8 

1  0 

4-19.0 

2.1 

4-20.9 

—  16.3 

4-13.5 

1.1 

4-19.0 

3.0 

4-20.1 

1.2 

4-16.5 

2.0 

4-17.3 

—13.6 

4-ii.s 

1.3 

4-15.8 

2.8 

4-15.8 

1.0 

4-14.8 

2.2 

4-14.4 

—  10.7 

4-  8.5 

1.7 

4-10.8 

3.1 

4-12.5 

1.4 

4-11.5 

2.4 

4-10.8 

—  7.5 

4-  5.8 

1.2 

4-  6.3 

4.8 

+  8.3 

1.8 

4-  6.5 

2.1 

4-  6.7 

—  3.9 

4-  3.5 

1.6 

4-   1.3 

3.0 

4-  3.8 

2.0 

4-  4.0 

1.9 

+  3.1 

0 

4-  2.3 

1.6 

—  2.3 

3.2 

—  1.0 

1.5 

—  0.5 

1.1 

—  1.5 

4-  4.3 

—  0.8 

1.2 

—   7.5 

2.5 

—  5.3 

0.2 

—  3.0 

2.0 

—  4.1 

+  9-0 

—  4.0 

0.9 

—  11.0 

4.2 

—  10.5 

1.7 

—  7.0 

2.2 

—  8.9 

4-14.2 

—  7.0 

1.5 

—15.3 

3.:; 

—  15.6 

0.5 

—  12.5 

3.0 

—12.6 

4-19.9 

—  9.8 

1.4 

—19.3 

2.3 

—20.5 

1.0 

—18.0 

2.8 

—16.9 

4-26.2 

—  12.3 

1.5 

—21.8 

2.5 

—25.li 

1.1 

—21.3 

3.3 

—20.1 

4-33.1 

—15.0 

2.1 

—23.8 

2.6 

—28.2 

2.6 

—25.0 

1.8 

—23.0 

4-40.7 

—  16.0 

1.6 

—26.8 

4.0 

—32.6 

3.8 

—30.3 

2.1 

—26.4 

4-49.0 

—22.8 

1.8 

—33.0 

2.8 

—37.4 

•).:> 

—37.:; 

4.2 

—32.6 

C,  number  of  millimeters  by  which  the    four  observers,  I,  II,  III,  IV ;  averages  of 


diameter  in  Set  A  differed  from   that  in 
Set  B. 

Di,  Da,  Dm,  Div,  number  of  grams  by 
which  the  estimated  weight  of  the  block 


20  experiments  each. 

AD,  average  for  the  four  observers. 

MV,  moan  variation;  the  mean  variation 
for  the  series  is  obtained  by  dividing  by 


in  Set  A  differed  from  its  true  weight,  for    4.5 

accuracy  of  the  observer  was  obtained  by  employing  the  method  of 
suspending  the  blocks  which  will  be  explained  in  the  next  series  of 
experiments.  This  test  was  made  after  the  twenty  regular  experi- 
ments. The  observer  seated  himself  belrnd  a  screen  and,  keeping 
his  hand  in  a  comfortable  position  on  the  other  side  of  the  screen, 
lifted  the  blocks  by  the  handles  in  such  a  manner  that  he  had  no 
knowledge  or  intimation  of  the  size  of  the  bodies  lifted.     The  mean 
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variation  thus  found  for  the  whole  set  of  blocks  is  slightly  less 
than  the  mean  variation  recorded  in  the  table  for  twenty  trials  on 
any  single  block. 

The  results  of  these  experiments,  showing  the  persistence  of  the 
illusion  when  the  actual  weight  is  not  known,  are  given  in  Table  II. 

This  table  proves  that  the  illusion  is  regular  and  persistent.  It 
cannot  be  eliminated  by  practice  as  long  as  the  actual  weight  is  not 
known. 
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Fig.  3. 


This  persistence  of  the  illusion  justifies  the  procedure  of  making 
successive  tests  of  the  principle  on  the  same  observer  under  varied 
conditions  for  the  purpose  of  comj^arison. 


B. 


Actual  relations  of  weight  known. 


Does  the  illusion  persist  when  the  observer  is  familiar  with  the 
apparatus  and  knows  the  nature  of  the  illusion  and  the  actual  rela- 
tions of  weight '?  To  test  this,  I  used  the  same  apparatus  as  before 
and  the  same  method,  except  that  the  observer  was  made  acquainted 
with  every  essential  of  the  apparatus  before  beginning  the  experiment. 

For  observers  I  secured  ten  professors  and  graduate  students  who 
had  all  done  special  work  in  psychology  and  could  be  depended 
upon  for  reliable  introspective  analysis  and  critical  judgment.    Each 
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one  knew  the  genera]  trend  of  the  illusion  as  found  in  previous 
measurements,  but  no  one  knew  what  the  extent  of  the  illusion  was 
for  other  persons  under  the  present  conditions.  They  knew  the 
actual  weight  and  were  to  determine  the  apparent  weight.  This  was 
very  difficull  because  there  was  a  conflict  between  knowledge  and 
feeling,  and  the  former  was  to  be  governed  by  a  conscious  effort. 
In  previous  experiments  the  observer  was  supposed  to  exercise  all 
3sible  —Will  in  matching  the  blocks  correctly   by  lifting  them,  but 


Table  ill. 

llusion  of 

ueight  ivhen  the  fact  of  the 

C 

AD 

MV 

—22.9 

+  16.5 

4.0 

—20.9 

+  15.5 

4.2 

—18.7 

+  13.5 

4.1 

—16.3 

+  11.0 

4.5 

—  13.6 

+  11.0 

4.9 

—10.7 

+   7.8 

0.1 

—  7.5 

+  6.5 

3.4 

—  3.9 

+  5.0 

4.0 

0 

+   2.3 

4.4 

+  4.3 

—   1.0 

3.2 

4-  9.0 

—  6.0 

3.0 

+  14.2 

—  6  5 

3.7 

+  19.9 

—  11.5 

3.9 

+2G.2 

—  11.5 

2.2 

+33.1 

—14.5 

3.5 

+40.7 

—  17.0 

3.5 

4-19.0 

—  19.5 

5.1 

C,  number  of  millimeters  by  which  the 
diameter  in  Set  A  differed  from  that  in 
Set  B. 

AD,  number  of  grama  by  which  the 
estimated  weight  of  the  block  in  Set   A 


differed  from  its  true  weight;  average  for 
ten  observers. 

MV,    mean  variation;  the  mean  varia- 
tion for  the  series  is  obtained  by  dividing 
3.2. 


here  it  was  required  to  discriminate  between  known  weight  and  felt 
weight  and  to  estimate  the  amount  of  difference  by  matching  the 
blocks  as  before. 

The  full  record  of  the  experiments  upon  these  ten  observers  is 
contained  in  Table  III. 

The  curves  in  fig.  3  give  a  diagrammatic  representation  of  the 
intensity  of  the  illusion  (A, I>)  when  tin- fact  of  the  illusion  is  unknown, 
and  (C)  when  it  is  known.    A  is  the  curve  from  Table  I,  fig.  2,  placed 
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here  for  comparison  ;  B,  dotted  line,  is  the  average  for  the  four 
observers,  Table  II  ;  and  C  is  the  average  for  the  ten  observers, 
Table  III. 

The  coincidence  of  the  judgments  of  the  observers  is  an  extraor- 
dinary phenomenon,  considering  that  the  discrimination  is  very 
difficult  under  these  circumstances,  and  that  no  one  could  be 
influenced  by  the  records  of  others.  The  conclusions  are  plainly 
warranted  that  : 

1.  The  illusion  of  weight  persists  even  after  the  observer  knows 
its  nature,  extent,  and  cause  ; 

2.  Its  intensity  is  somewhat  less  than  when  the  actual  conditions 
are  unknown  to  the  observer. 

To  carry  the  test  further  and  require  the  observer  to  repeat  it  a 
great  number  of  times,  would  be  to  find  out  how  long  it  would  take 
him  to  learn  to  make  the  proper  allowance  for  the  illusory  feeling. 
It  is  difficult  to  say  whether  that  feeling  can  be  wholly  educated 
away,  but  we  must  suppose  that  a  person  can  finally  educate  himself 
to  make  proper  allowance  for  it  or  neglect  it. 

Third  series  of  experiments :  Dejiendence  of  the  illusion  of  weight 

upon  the  directness  of  sight. 

Thus  far  only  the  diameter  in  Set  A  had  been  varied.  In  the 
present  series  another  quantity,  the  directness  of  sight,  was  varied. 
Each  experiment  consisted  of  four  sets  of  tests.  The  aim  was  to 
secure  a  judgment  of  weight  when  the  size  of  the  bodies  compared 
was  made  prominent  in  different  degrees  as  follows  :  (1)  size 
estimated  by  direct  sight,  (2)  size  estimated  by  indirect  sight,  (3) 
visual  memory  of  size,  and  (4)  no  knowledge  of  size. 

These  conditions  were  obtained  through  the  following  four  sets  of 
variations,  corresponding  respectively  to  the  above  requirements  : 

1.  The  conditions  of  the  first  set  were  fulfilled  by  the  method 
pursued  in  the  previous  experiments.  The  observer  looked  directly 
at  the  block  as  he  grasped  it  between  the  thumb  and  second  finger, 
and  its  proportions  were  emphasized  by  the  comparative  amount  of 
space  it  occupied  in  the  limited  opening  between  the  grasping 
fingers.  The  effort  to  grasp  the  disks  accui'ately  attracted  the 
attention  of  his  eyes  in  that  direction. 

2.  In  this  series  of  experiments,  additional  apparatus  was  required 
for  suspending  the  blocks.  It  consisted  of  handles,  made  of  exactly 
the  same  length  as  the  blocks  and  supplied  with  disks  on  the  ends, 
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made  of  the  same  material  and  in  the  same  shape  as  the  disks  on  the 
blocks.  To  secure  Lightness  they  were  made  in  the  shape  of  a 
slender  spool.  These  handles  rested  on  a  support  in  the  same  posi- 
tion as  the  tray,  and  from  them  the  blocks  were  suspended  100mm 
below,  by  means  o['  silk  cords.  Each  block  was  supplied  with  a 
Loop  of  silk  cord,  which  could  readily  be  slipped  off  and  on  a  hook 
at  the  lower  extremity  of  the  suspended  cord.     The  combined  weight 


Table  IV. 

Illusion  of 

iveiyhf  undt  r 

various 

circumstances. 

c 

D 

.1/1' 

/•: 

MV 

F 

MV 

G 

MV 

— 22.9 

+24.5 

S.9 

+  12.0 

6.0 

+  8.5 

4.4 

—0.5 

2.4 

—20.9 

+23.0 

8.0 

+  10.0 

5.0 

+ 

7.5 

3..8 

+1.5 

3.7 

—18.7 

+19.5 

9.0 

+  9.0 

5.0 

+ 

6.5 

:;.',' 

—0.5 

3.0 

—  16.3 

+19.5 

8.4 

+  6.5 

4.5 

+ 

2.5 

3.6 

0 

2.0 

—  13.6 

+  17.0 

7.8 

+  4.0 

5.0 

+ 

1.5 

4.8 

+0.5 

1.5 

—10.7 

+  12.0 

9.3 

+  3.5 

3.6 

+ 

2.5 

4.6 

—0.5 

1.5 

—  7.5 

+  9.0 

6.0 

+  2.5 

3.9 

+ 

3.5 

5.0 

—0.5 

2.5 

—  3.9 

+  4.5 

2.5 

+  2.0 

3.8 

+ 

1.0 

3.6 

—1.5 

2.5 

0 

+   1.5 

2.8 

—  1.0 

4.0 

+ 

0.5 

4.3 

+0.5 

2.5 

+  4.3 

—   1.5 

2.7 

—  2.5 

3.7 

— 

0.5 

5.1 

+1.0 

1.0 

+  9.0 

—  6.0 

2.8 

—  4.5 

5.5 

— 

2.5 

3.8 

—1.0 

1.6 

+  14.2 

—   7.5 

2.6 

—  6.0 

4.6 

— 

3.5 

4.0 

—  1.0 

1.7 

+  19.9 

—  14.0 

3.2 

—  7.0 

4.9 

— 

4.5 

3.8 

—1.0 

5.8 

+26.2 

—  19.0 

4.2 

—  7.0 

4.6 

— 

4.5 

4.5 

—1.5 

4.6 

+33.1 

—IS. 5 

3.5 

—  9.5 

5.4 

— 

5.5 

1.5 

—1.0 

4.0 

+40.7 

—24.5 

4.8 

—  10.5 

7.0 

— 

8.0 

2.6 

+0.5 

3.5 

+49.0 

—27.5 

5.2 

—  12.5 

8.2 

—  ] 

12.0 

4.9 

—2.0 

3.4 

C,  number  of  millimeters  by  which  the 
diameter  in  Set  A  differed  from  that  in 
Set  B. 

I),  K.  /•",  C,  number  of  grams  by  which 
the  estimated  weight  of  the  block  in  Set 


Z>,  with  direct  vision  of  size. 

E,  with  indirect  vision  of  size. 

F,  with  visual  memory  of  size. 

G,  with  no  knowledge  of  size. 

MV,  mean  variation ;  the  mean  varia- 


A  differed  from  its  true  weight;  averages    tion  for  the  series  is  obtained  by  dividing 
for  ten  observers  in  each  series.  by  3.2. 


of  a  handle  with  hook  and  cord  was  2?.  Employing  this  method  of 
suspending  the  blocks,  the  observer  naturally  directed  his  attention 
to  the  handle  by  which  he  lifted.  Since  the  blocks  hung  100mra 
below  the  handle,  they  were  out  of  the  line  of  direct  vision 
and  not  in  contact  with  an}r  body  whose  contiguity  would  limit  the 
space  occupied  or  contrast  its  size. 
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3.  The  weights  were  again  suspended.  The  observer  looked  at 
each  block  as  it  was  hooked  on  but  shut  his  eyes  while  lifting  it. 

4.  The  observer  was  blindfolded  for  the  final  set.  He  was  then 
required  to  lift  the  suspended  blocks  by  the  handles  without  know- 
ing whether  he  was  lifting  a  big  one  or  a  little  one.  He  remembered 
the  range  of  the  sizes  but  did  not  know  which  block  in  the  series 
was  presented. 

The  purpose  of  the  variations  was  not  told  to  the  observer.  He 
was  simply  asked  to  subject  himself  to  four  tests  necessarily  to  be 
taken  successively  on  the  same  observer.     Definite  instructions  were 


Influence  of  size  on  judgments 
of  weight 


Fig.  4. 

given  at  each  step  so  far  as  this  could  be  done  without  making  any 
suggestions  pertaining  to  the  illusion.  The  whole  experiment  on  one 
observer  occupied  from  80  to  100  minutes,  sufficient  rest  being 
allowed  between  the  different  sets.  The  observers  were  especially 
cautioned  not  to  let  the  results  of  one  test  influence  their  judgment  in 
another. 

The  following  statements  are  based  upon  the  results  contained  in 
Table  IV  (fig.  4). 

1.  Visual  knowledge  of  size  causes  the  greatest  illusion,  in  deter- 
mination of  weight,  when  the  body  lifted  is  directly  looked  at  and 
its  size  is  brought  into  prominence  by  the  comparative  amount  of 
space  that  it  occupies  in  a  limited  area. 

2.  The  influence  of  size  on  judgment  of  weight  is  lessened  when  the 
object  is  placed  out  of  the  line  of  direct  vision  and  isolated  from  any 
object  whose  contiguity  would  favor  a  comparison  of  size. 
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3.  Visual  memory  of  size  causes  a  less  intense  illusion  of  weight 
than  that   which  is  produced  by  looking  at  the  blocks  while  lifting. 

4.  Size  has  no  Influence  on  the  perception  of  weight  when  the 
observer  has  do  knowledge  of  it. 

fourth  series  of  experiments :  Dependence  of  the  illusion  of  weight 
iifon  the  senses  by  which  knowledge  of  size  is  acquired. 

In  all  the  foregoing  experiments  the  perception  of  difference  in 
size  was  purely  visual.  The  next  problem  was  to  settle  the  question  : 
Does  the  illusion  of  weight  vary  with  the  different  senses  by  which 
the  image  of  size  is  produced  ? 

It  is  impossible  to  draw  a  strict  line  of  demarcation  between  the 
different  sensory  elements  which,  besides  sight,  unite  in  building  up 
a  percept  of  size,  because  they  generally  cooperate,  and  their  effects 
fuse.  For  the  purpose  of  comparison,  I  aimed  to  get  a  measure  of 
the  illusion  of  weight  due  to  size  when  knowledge  of  size  was 
acquired  through  each  of  the  following  channels  predominatingly  : 
(1)  muscle  sense,  (2)  touch,  (:i)  sight,  (-4)  muscle  sense,  touch  and 
sight. 

These  conditions  were  approximately  attained  by  the  following 
respective  methods  of  procedure. 

1.  Without  having  seen  the  blocks,  the  observer  seated  himself  on 
a  high  stool  behind  a  screen,  in  such  a  position  as  was  occupied  when 
he  stood  by  the  tray  and  looked  at  the  apparatus,  so  that  his  arm  and 
hand  would  be  comfortably  adjusted  over  the  tray,  on  the  other  side 
of  the  screen.  The  blocks  were  then  handed  him  in  the  same  order 
a-  1 1. d'ore,  but  placed  on  end  on  the  tray,  so  that  by  dropping  his 
thumb  and  fingers  around  a  block  the  observer  included  it  in  his 
grasp,  holding  it  by  the  circumference  ;  he  thus  acquired  a  knowl- 
edge  of  it^  size  mainly  by  the  muscle  sense  in  the  fingers. 

2.  Seated  in  the  same  position,  after  a  brief  rest,  the  observer  held 
out  his  hand,  not  resting  it  on  anything,  and  the  blocks  were  placed 
on  his  flat  palm,  one  at  a  time.  An  image  of  the  height  (length)  of 
the  block  was  inevitably  transmitted  from  the  experience  in  the  first 
set,  but  the  proportional  size  was  here  estimated  chiefly  by  the 
area  of  touch  or  pressure. 

3.  The  method  of  estimating  comparative  size  by  direct  sight,  as 
pursued  in  the  previous  experiments,  eliminates  all  other  sensory 
element-  than  sight. 
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4.  In  the  final  set  the  blocks  were  again  placed  on  end,  and  the 
observer  occupying  the  same  position  as  in  the  third  set,  grasped  the 
blocks  by  the  circumference  as  in  the  first  set  of  this  series  and, 
in  addition,  looked  directly  at  them.  Hence,  there  was  the  combined 
effect  of  muscle  sense,  touch  and  sight. 

Upon  the  basis  of  the  results  of  the  second  series  of  experiments, 
I  considered  it  justifiable  to  make  these  four  successive  tests  on  the 
same  person.  Furthermore  the  advantage  of  the  order  will  be 
noticed.  In  the  first  and  second  sets  he  had  not  seen  the  blocks. 
The  estimate  of  the  length  was  a  proper  influence  to  carry  over  to 
the  second  set  ;  it  was,  namely,  a  memory  of  the  fact  that  the  length 
was  a  constant  quantity.  The  third  set  could  not  be  influenced  by 
any  previous  judgments,  because  the  record  was  kept  secret,  and  the 
blocks  had  not  been  recognized.  In  the  fourth  set  a  warning 
against  influence  from  previous  judgments  was  really  superfluous, 
because  the  observer  was  after  truth  and  not  consistency. 

No  test  on  the  error  of  observation,  or  mean  variation  when  there 
was  no  influence  of  sight,  was  here  included,  because  that  would 
practically  be  the  same  as  found  in  the  fourth  set  of  the  third  series, 
and  the  record  of  A  (9)  in  each  set. 

The  sensations  of  touch  and  pressure  cannot  be  distinctly  separated. 
Indeed,  since  the  blocks  cannot  be  placed  without  some  velocity, 
there  is  really  a  sense  of  impact  in  the  second  set.  For  brevity,  the 
space-giving  characters  of  these  sensations  is  spoken  of  as  "  touch." 

That  muscle  sense,  touch,  sight  and  other  sensations  cannot  be 
isolated  does  not  detract  any  from  the  value  of  this  series  of  experi- 
ments. In  the  first  set,  skin  and  joint  sensations  assist ;  and  in  the 
second  set,  joint  and  muscle  senses  are  slightly  involved. 

In  the  third  set,  all  of  these  senses  join  in  determining  the  size  of 
a  body,  but  since  all  but  one  are  constant,  it  remains  for  that  sense, 
sight,  to  discriminate  for  differences  in  size. 

In  the  first  set,  the  observer  had  not  seen  the  blocks.  The  experi- 
ence that  they  differed  in  size  puzzled  him.  Hence  every  time  he 
picked  one  up  his  first  concern  was  to  fix  an  image  of  its  size  by 
estimating  the  relative  extent  of  the  grasp  required  in  lifting  it.  In 
the  second  set,  attention  was  again  called  to  the  varying  size  in  a 
similar  manner,  but  here  the  estimate  of  the  dimensions  was  more 
indefinite  and  uncertain.  In  the  third  set,  he  determined  the  dimen- 
sion at  a  glance,  without  any  effort,  and  hence  did  not  concern 
himself  particularly  about  the  estimation  of  size.  But,  in  the  final 
set,  his  attention  was  again  called  to  the  appreciation  of  size,  because 
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here  he  noticed  that  he  combined  several  sensory  elements,  in  that 
way  acquiring  a  very  accurate  knowledge  of  size. 

In  brief,  by  the  above  four  variations,  different  degrees  of  atten- 
tion were  given  to  discrimination  of  size,  while  to  avoid  the  illusion 
all  attention  should  have  been  given  to  the  perception  of  weight. 

\  ording  to  this  method  a  constant  error,  clue  to  the  fact  that 
A  was  lifted  first,  will  be  implied  in  the  first  two  sets.     I  could  not 
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C,  number  of  millimeters  by  which  the 
diameter  in  Set  A  differed  from  that  in 
SetB. 

//.  /,  J.  D,  number  of  grams  by  which 
the  estimated  weight  of  the  block  in 


/  size  known  by  touch. 
J,  size  known  by  direct  sight. 
D.  size  known  by  muscle  sense,  touch 
and  sight. 

MV,  mean  variation:  the  mean  varia- 


A  differed  from  its  true  weight :  averages    tion  for  the  series  is  obtained  by  dividing 
for  ten  persons.  by  3.2. 

H,  size  known  by  muscle  sense. 


eliminate  it  by  repeating  the  test  in  the  reverse  order,  because  it 
would  be  too  fatiguing  to  take  each  set  twice.  It  was  more  import- 
ant to  take  the  four  sets  in  regular  succession  than  to  divide  up  the 
experiment  in  order  to  eliminate  the  error.  Hence,  the  fact  of  this 
constant  error  must  be  borne  in  mind  in  interpretation  of  the  results. 
An  approximate  correction  of  it  may  be  made  by  noticing  its  extent 
in  the  middle  block  of  Set  A. 
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The  results  are  given  in  Table  V  and  are  expressed  in  the  curves 
of  fig.  5. 

The  variation  of  the  intensity  of  the  illusion  of  weight,  due  to  the 
acquisition  of  knowledge  of  size  by  different  senses,  may  be  formu- 
lated on  a  comparison  of  the  above  four  sets  of  results  as  follows : 

1.  The  illusion  of  weight  dependent  on  size  is  greatest  when  size 
is  estimated  mainly  by  muscle  sense,  and  the  weights  have  not 
pi'eviously  been  seen. 

2.  The  illusion  is  more  fluctuating  and  on  the  whole  not  quite  so 
strong  when  size  is  estimated  by  the  area  of  pressure  in  the  flat 
palm,  including  a  memory  of  the  third  dimension. 
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Fig.  5. 

3.  In  these  variations  the  illusion  is  weakest  when  size4isjestimated 
by  direct  sight. 

4.  When  size  is  estimated  by  the  combined  effect  of  all  the  spatial 
senses,  the  illusion  is  weaker  than  when  depending  on  muscle  sense 
or  touch  and  stronger  than  when  dependent  on  sight  alone. 

Fifth  series  of  experiments  :   Illusion  of  iceight  due  to  the  knoioledge 
of  the  material  of  which  the  loeights  are  made. 

This  series  of  experiments  pertains  to  a  corollary  of  the  foregoing 
conclusions.  Is  there  an  illusion  of  weight  dependent  upon  disap- 
pointed expectation  caused  by  a  supposed  knowledge  of  the  material 
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lifted?  Theoretically,  if  size  has  a  suggestive  influence  upon 
judgment  of  weight  by  Leading  the  observer  to  expect  a  body  to  be 
heavy  or  light  according  as  it  is  large  or  small,  a  similar  association 
between  judgment  of  weight  and  knowledge  of  the  specific  gravity 
of  the  material  lifted  oughl  to  cause  an  illusion  of  weight,  under 
favorable  circumstances.  If  a  body,  seen  to  be  made  of  a  heavy 
material  but  containing  a  lighl  deceptive  core,  be  lifted,  it  will  rise 
too  easily  because  lifted  with  an  effort  calculated  to  raise  a  heavier 
weight,  and  it  oughl  to  be  underestimated  for  the  same  reason  that 
a  large  block  in  Set  A  is  underestimated.  In  the  same  manner,  if 
a  body  apparently  made  of  a  solid  piece  of  light  material  but 
containing  a  heavy  deceptive  core  be  lifted  with  a  motor  adjustment 
adapted  to  the  apparent  weight,  it  will  require  more  effort  than  was 
expected  to  raise  it,  and  it  ought  to  be  overestimated  for  the  same 
reason  that  the  small  block  in  Set  A  is  overestimated. 

This  problem  suggests  a  wide  range  of  experiments,  but  there  are 
very  greal  difficulties  in  the  way  of  an  accurate  measurement.  The 
methods  I  have  employed  in  this  series  are  only  partially  successful. 
An  attempt  was  made  by  three  sets  of  experiments  to  bring  out  the 
following  variations  in  the  conditions  of  the  bodies  to  be  lifted  : 

1.  Same  size  and  weight  but  different  material  ; 

2.  Same  size  but  different  material  and  weight  ; 

3.  Different  size,  weight  and  material. 

First  set. 

Four  blocks  were  made  of  the  same  shape  and  size  as  the  B's,  i.  e. 
42.9mm  in  diameter,  and  the  same  weight  as  the  A's,  i.  e.  80*.  One 
was  made  of  cork,  one  of  wood,  one  of  copper  and  one  of  lead.  The 
first  two  were  filled  and  the  last  two  were  cored  out  until  each  one 
weighed  80?.  This  was  done  so  carefully  that  the  surfaces  in  their 
natural  color  suggested  that  the  weights  were  turned  out  of  solid 
pieces  of  the  respective  materials  and  were  uniform  throughout.  It 
was  thought  that  the  observers  would  possess  a  fairly  definite 
knowledge  of  the  specific  gravity  of  these  four  kinds  of  material. 

The  method  was  to  require  the  observer  to  take  one  of  these  at  a 
time  and  match  it  in  the  original  Set  B.  Ten  observers  tried  the 
experiment,  but  the  amount  of  error  which  may  be  due  to  the  illusory 
influence  is  not  more  than  what  must  be  allowed  for  the  mean  varia- 
tion. This  set  was  a  failure  because  the  lead  was  too  light  to  allow 
any  one  to  suppose  that  it  was  solid,  and  the  cork  was  so  heavy  that 
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the  observer  at  once  concluded  that  it  was  filled.  The  illusion  was 
quite  effective  in  the  wood  and  the  copper  blocks,  but  the  judgments 
of  these  were  influenced  by  the  deceptive  appearance  of  the  other 
two,  so  that  the  mean  variation  was  large. 

Second  set. 

Three  blocks  were  made  the  same  size  as  the  B's,  i.  e.  42.9mm  in 
diameter,  but  of  the  following  materials  with  their  respective 
weights  :  (1)  cork,  natural  weight  40g,  loaded  to  55s  ;  (2)  wood, 
natural  weight  65g,  loaded  to  80s  ;  (3)  lead,  natural  weight  not 
determined,  cored  out  so  as  to  weigh  120s.  Their  appearance 
suggested  that  they  were  uniform  throughout.  The  aim  was  to 
make  them  feel  different  from  what  the  observer  expected  them  to 
feel  ;  but  not  so  much  that  he  would  suspect  that  they  had  a  false 
appearance.  Nothing  was  said  by  explanation  or  question  as  to  the 
character  of  the  material  before  beginning  the  experiments.  After 
these  experiments  about  60fe  of  the  observers  stated  that  they  had 
taken  the  blocks  to  be  made  solid  of  the  materials  seen  on  the 
surface.  About  20$  were  uncertain,  and  the  rest  thought  that  they 
had  a  deceptive  appearance. 

Fourteen  observers  gave  this  result  in  selecting  corresponding 
B's  for  the  lead  block  :  one  overestimated,  six  right,  and  seven 
underestimated.     The  average  amount  of  the  underestimation  was  8g. 

In  the  same  manner  fourteen  observers  gave  the  following  results 
in  matching  the  cork  block  :  one  underestimated,  four  right,  and 
nine  overestimated.  The  average  amount  of  the  overestimation  was 
Ye,  which  may  be  considered  as  due  to  the  15g  surreptitious  weight. 

The  twenty-nine  observers  who  matched  the  wooden  block  gave 
these  results  :  three  underestimated,  seven  right,  and  nineteen 
overestimated.     The  average  amount  of  overestimation  was  10s. 

The  apparatus  cannot  be  counted  a  real  success  until  it  contains  an 
appreciable  illusion  for  all  observers  and  still  has  no  suggestion  of 
deceptive  appearance.  Nevertheless  this  fragmentary  set  of  experi- 
ments shows  that  : 

1.  When  a  body  containing  a  surreptitious  light  core  is  lifted 
with  a  motor  adjustment  adapted  to  the  expected  weight  of  a  cei'tain 
material  and  it  feels  lighter  than  was  expected,  that  body  will  be 
underestimated  in  weight  ;  and 

2.  When  the  body  lifted  contains  a  deceptive  heavy  core,  the 
observer  will  overestimate  the  weight  of  that  body,  especially  if  he 
does  not  suspect  the  presence  of  the  core. 
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Third  set. 


The  largesl  and  the  smallesl  of  the  blocks  of  Set  A  were  used  and 
in  addition  two  extra  blocks  were  made,  here  called  respectively  P 
and  L  for  brevity.  P  was  a  solid  piece  of  pine  wood  turned  to 
exactly  the  size  of  the  largesl  A,  which  made  it  weigb  75K.  L  was  a 
solid  piece  of  lead  turned  in  the  shape  of  the  smallest  A  until  it 
weighed  75  ;  the  length  was  kept  the  same  as  that  of  A,  but  the 
diameter  had  to  be  reduced  to  it'."""  in  order  to  secure  the  proper 
weight.  This  made  it  a  little  more  than  two  steps  smaller  than  the 
smallest  A.  according  to  the  ratio  of  the  diameter  of  the  A's. 

The  aim  was  to  determine  whether  the  illusion  would  be  greater 
between  the  largest  and  the  smallest  blocks  in  A,  which  appeared  to 
be  made  of  the  same  material,  than  between  P  and  L,  whose  appar- 
ent material  suggested  the  proper  weight.  By  the  method  followed 
each  of  these  four  blocks  was  to  be  matched  twice  in  Set  B,  taking 
them  in  reverse  order  so  as  to  avoid  errors  due  to  the  order  of 
sequence.  Eighteen  observers  had  two  trials  each.  The  averages  of 
the  B's  selected  were:  For  largest  A,  4.0  :  for  smallest  A,  13.4; 
for  L,  12.8  ;  and  for  P,  5.3  ;  with  the  corresponding  average  mean 
variations:  For  largest  A,  6e  ;  for  smallest  A,  0- ;  for  L,  10g ;  and 
for  P,  7s.  Hence,  although  P  weighed  5^  less  than  largest  A,  it  was 
estimated  to  be  on  the  average  3.5^  heavier,  making  the  illusion  in 
P  8s  less  than  the  illusion  in  largest  A.  And,  although  L  was  over 
two  steps  smaller  than  smallest  A,  and  Aveighed  5s  less,  it  was 
judged  to  weigh  only  three  grams  less.  Taking  the  average  of  the 
results  previously  obtained  for  the  A's,  the  illusion  for  L  is  found  to 
be  about  7g  less  than  for  smallest  A. 

In  the  thirty-six  trials  the  illusion  was  stronger  for  largest  A  than 
for  P  twenty-nine  times,  equal  six  times  and  weaker  once.  Similarly 
it  was  stronger  for  smallest  A  than  f or  L  thirteen  times,  equal  nine 
times,  and  weaker  only  fourteen  times,  although  L  was  over  two 
steps  smaller  than  smallest  A. 

I  place  no  great  confidence  in  the  quantitative  determinations  in 
this  series  of  experiments,  because  not  all  the  conditions  were  suffi- 
ciently controlled,  but  the  general  qualitative  results  are  positive.  It 
has  been  proved  in  two  different  ways  that  knowledge  of  the 
material  lifted  influences  the  judgment  of  weight,  namely  : 

1.  When  there  is  no  illusion  on  account  of  size,  there  is  under 
certain  circumstances  an  illusion  caused  by  knowledge  of  the 
material  lifted  ;  and, 


Measurements  of  illusions  and  hallucinations  in  'normal  life.     19 

2  When  there  is  an  illusion  due  to  size,  it  is  not  so  strong  when 
the  difference  in  size  is  proportional  to  the  specific  gravity  of  the 
material  lifted  as  when  there  is  no  definite  knowledge  of  the 
material. 


General  remarks  on  the  experiments  in  Part  First. 

Owing  to  the  nature  of  the  subject  the  method  employed  is  neces- 
sarily a  combination  of  the  experimental  and  the  statistical.  It  is 
experimental  because,  whenever  practicable,  I  have  varied  the 
conditions  and  repeated  the  tests  on  the  same  individual.  On  the 
other  hand,  a  sufficient  number  of  persons  from  the  various  vocations 
have  been  tried  to  satisfy  the  statistical  demands  and  justify  the 
conclusion  that  the  main  laws  derived  are  fairly  universal. 

Apparatus. 

The  difference  between  the  B's  was  made  5s,  because  in  an  arith- 
metical series  that  is  about  the  average  limit  of  discrimination  for 
weight  within  the  range  here  investigated.  The  possible  variable 
error  due  to  this  cause  is  ±2.5g.  This  source  of  error  is  evenly 
distributed  throughout  the  series  ;  hence,  it  does  not  alter  the 
expression  for  the  general  intensity  of  the  illusion,  but  merely 
causes  minute  fluctuations  in  the  curves  of  the  results. 

If  a  wider  range  had  been  investigated,  the  B's  should  have  been 
made  to  vary  in  weight  by  an  increment  of  about  T'T  according  to 
Weber's  law,  in  order  that  the  perceptions  of  difference  should  have 
been  equally  appreciable  in  discriminative  consciousness.  Here  a 
constant  difference  was  used  merely  for  convenience,  but  that  arrange- 
ment ought  not  to  modify  the  results  appreciably. 

The  additional  2s  of  the  suspending  apparatus  is  the  same  for  all 
the  blocks,  and  this  increase  in  the  total  range  of  the  weight  has  so 
small  effect  on  the  results  that  it  may  practically  be  neglected. 

In  a  series  of  cylinders  of  equal  length  but  varying  diameter,  there 
is  a  constant  illusion  in  regard  to  length.  The  apparent  length 
increases  with  the  decrease  of  the  diameter.  In  order  that  these 
blocks  should  have  appeared  to  be  of  the  same  length  they  should 
actually  have  varied  in  geometric  ratio  with  a  very  small  increment. 
This  could  not  be  done  in  the  present  test  because  one  of  the  required 
conditions  was  that  the  grip  should  be  uniform. 

The  temperature  of  the  blocks  was  kept  practically  constant. 
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Observers. 

The  following  essential  requisites  were  kept  in  view  in  selecting 
observers  : 

1.  They  shall  be  careful  and  competent  observers  ; 

2.  They  shall  have  no  previous  knowledge  of  the  special  principles 
involved  or  of  the  direct  purpose  of  the  experiment  ; 

rs.  They  shall  not  know  how  or  of  what  material  the  blocks  are 
constructed  ; 

t.  They  shall  be  in  a  comfortable  condition  and  free  from  emo- 
tional disturbances  : 

"..  They  shall  be  trusted  not  to  work  according  to  any  prejudicial 
scheme  or  preconceived  theory. 

These  qualifications  could  only  be  secured  in  a  relative  manner, 
but  the  aim  was  scrupulously  adhered  to  so  far  as  resources  and 
temporary  conditions  permitted.  Discrepancy  in  the  attainment  of 
these  requirements  accounts  for  many  of  the  partial  variations  from 
the  general  law  of  the  illusions.  The  requirements  were  altered  for 
the  fifth  and  the  latter  part  of  the  second  series  so  as  to  suit  the 
special  demands  of  those  cases.  On  the  whole,  I  was  fortunate  in 
securing  the  assistance  of  reliable  observers,  who  worked  with  a 
scientific  interest. 

Elimination  of  errors  in  method. 

There  is  a  law  that  when  two  bodies  of  approximately  the  same 
weight  and  size  arc  lifted  in  succession,  the  weight  of  the  latter  is 
overestimated.  The  extent  of  this  error  varies  considerably  for 
different  persons  and  for  the  same  person  at  different  times.  In  the 
present  experiments  it  was,  however,  practically  eliminated  by 
requiring  the  observer  to  lift  two  blocks,  to  be  compared  alternately 
several  times  before  forming  his  decision. 

In  certain  cases  there  may  have  been  a  slight  error  due  to  the 
order  in  which  the  blocks  were  taken  up  to  be  matched.  This  applies 
to  both  the  A'-  and  the  B's.  Thus  in  the  second  series  it  was 
found  that  the  curve  of  the  illusion  is  a  little  more  regular  when  the 
A-  are  taken  in  order  than  when  they  are  taken  at  random.  In  the 
same  manner  the  illusion  might  depend  slightly  on  how  many  B's 
were  picked  up  and  tried  before  a  de<  ision  was  reached.  These 
influence-,  may  have  affected  some  single  choices,  but  they  do  not 
appreciably  change  the  expression  for  the  general  intensity  of  the 
illusion.     This  was  proved  by  actual  measurements. 
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The  memory  image  for  weight  sinks  very  rapidly  during  the  first 
ten  seconds.  The  blocks  were  therefore  placed  so  that  the  observer 
could  change  from  one  to  the  other  by  the  least  possible  movement 
and  change  of  position.  He  could  deliberately  lay  down  one  and 
pick  up  another  in  three  seconds.  The  time  required  for  this  transi- 
tion was  the  same  for  all  the  blocks. 

There  is  an  illusion  of  weight  caused  by  fatigue  in  lifting  objects. 
This  illusion  did  not  affect  the  present  experiments  because  the 
bodies  compared  were  lifted  alternately  several  times.  Furthermore 
the  number  of  trials  was  always  limited  to  such  an  extent  that  there 
would  be  no  necessary  cause  for  any  disturbing  fatigue  from  continu- 
ous exertion. 

The  known  error  in  judgment  of  weight  caused  by  lifting  a  light 
body  after  a  heavy  one,  was  here  avoided  by  the  fact  that  the  final 
discrimination  was  not  made  until  the  observer  had  reached  two 
blocks  that  appeared  to  weigh  the  same.  The  error  was  frequently 
involved  in  the  first  trials  of  any  experiment  where  there  was  a 
decided  difference  between  the  blocks,  but  as  the  observer  found  his 
way  up  to  those  that  appeared  more  and  more  alike,  it  was  gradually 
eliminated  before  he  reached  a  final  decision. 

The  weight  of  a  body  depends  upon  its  mass  and  the  velocity 
with  which  it  is  lifted.  Therefore  special  precaution  was  always 
taken  to  get  the  observer  to  lift  the  block  to  the  same  height  and 
with  the  same  velocity  as  nearly  as  possible. 

In  the  case  of  direct  sight  the  observer  would  often  for  a  moment 
try  to  avoid  the  distraction  of  sight  by  not  looking  at  the  block. 
Such  judgment  would  then  inevitably  be  exceptional  and  be  governed 
by  the  conditions  of  indirect  sight  or  visual  memory. 

Some  partial  variations  from  the  general  trend  of  the  illusion  in 
direct  sight  are  due  to  this  cause.  When  the  observer  took  such 
liberty  only  once  or  twice,  I  did  not  interfere,  but  if  he  proposed  to 
continue  I  was  obliged  to  inform  him,  in  some  guarded  statement, 
about  the  conditions  required. 

Suggestions  for  further  experiments. 

I  chose  the  diameter  of  middle  A  as  the  diameter  for  all  the  B's, 
merely  because  it  was  the  middle.  The  B's  might  have  been  made 
any  size  within  the  range  of  the  A's.  As  a  development  and  further 
proof  of  the  present  test,  the  following  variations  might  be  tried. 
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1.  Construct  the  B's  all  the  same  size  as  the  smallest  A,  making 
one  90g  and  the  resl  decreasing  by  steps  of  5g  each,  down  to  25g. 
That  would  allow  the  same  range  of  the  illusion  as  the  present 
apparatus,  since  the  smallest  A  might  be  judged  fully  three  times  as 
heavy  as  the  largest    A. 

2.  Construct  the  B's  all  the  same  size  as  the  largest  A,  making  the 
lightest  7(>    and  the  rest  increasing  by  10geach  step  up  to  about  240g. 

3.  Similarly  construct  the  B's  in  separate  sets  respectively  of  the 
same  size  as  each  of  the  intermediate  A's. 

From  tentative  tests  made  it  appears  that  the  illusion  would  have 
approximately  the  same  intensity  under  these  conditions  as  was 
determined  by  the  apparatus  and  method  employed.  The  difference 
between  the  principle  of  the  first  two  classes  of  apparatus  suggested 
and  the  one  employed  is  that,  according  to  the  former,  a  quantity  is 
measured  by  a  direct  comparison  which,  according  to  the  latter,  is 
measured  by  an  intermediate  step.  This  would  be  true  when  two 
A's  are  compared  by  means  of  the  B's.  When  an  A  is  compared 
with  a  B,  the  process  is  the  same  in  both  cases.  It  will  be  observed 
that  in  all  these  suggested  experiments  it  is  the  same  objects  that 
are  measured,  but  the  measuring  is  done  by  different  means  in  each 
set  of  experiments. 

How  does  the  illusion  vary  with  a  greater  variation  in  diameter  of 
the  cylinders,  with  different  ranges  of  weight,  and  with  variation  in 
the  shape  of  the  weights?  These  and  similar  questions  demand 
solution  by  experiment,  but  the  measurements  can  not  be  made  as 
definite  and  as  accurate  as  those  in  the  present  research. 

Dr.  Scripture  has  a  set  of  weights  made  large  enough  to  use  in 
demonstrations  before  large  audiences.  It  consists  of  cubical 
wooden  boxes  loaded  with  lead  to  the  desired  weights.  There  are 
only  two  corresponding  to  my  A's,  the  smaller  8.2cm  cube  and  the 
larger  60cm  cube,  each  weighing  8|  lbs.  Those  that  correspond  to 
my  B's  are  all  15cm  cube  and  range  b}^  f  lb.,  each  step  from  2  lbs.  up 

tO    1  7   lb-. 

I  tried  the  experiment  with  this  apparatus  on  four  men  with  the 
following  result  :  The  large  box  was  matched  with  boxes  of  5.75 
lbs.,  4.25  lbs.,  4.25  lbs.,  and  2  lbs.,  by  the  respective  observers — 
average  4  lbs. — that  is  there  was  an  underestimation  of  3  lbs.,  4£ 
lbs.,  4.25  lbs.,  and  G.75  lbs.  respectively — average  4.4  lbs.  The  small 
box  was  matched  with  8.5  lbs.,  14.75  lbs.,  13.25  lbs.,  and  10.25  lbs. 
respectively — average  11.9  lbs. — that  is,  there  was  a  corresponding 
overestimation  of  0.5  lb.,  C>   lbs.,  4.25  lbs.,  and   1.5   lbs. — average  2.9 
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lbs.  That  means  that  mainly  on  account  of  this  difference  in  size 
the  observers  made  a  difference  of  2.75  lbs.,  10.5  lbs.,  9  lbs.,  and  8.25 
lbs.  respectively — average  7.6  lbs. — between  the  two  boxes,  which 
both  had  the  same  weight,  8.75  lbs.  That  is,  the  smaller  is  judged 
to  weigh  2.9  times  as  much  as  the  larger.  This,  it  will  be  observed, 
slightly  exceeds  the  average  amount  of  the  illusion  betAveen  the 
extremes  in  my  set. 

This  illusion  is  based  upon  the  difference  in  volume,  but  a  compari- 
son between  Dr.  Scripture's  set  and  mine  shows  that  it  depends  very 
much  upon  the  shape  of  the  weights  and  whether  two  or  three 
dimensions  are  varied.  The  diameters  of  the  smallest  and  the  largest 
A  are  in  the  ratio  of  20  :  91.9  ;  while  the  one  dimension  of  the 
boxes  stands  in  the  ratio  8.2  :  60,  and  still  the  illusion  is  not 
much  stronger  in  the  latter  case.  It  is  therefore  evident  that  it  does 
not  vary  directly  with  the  volume.  The  range  of  the  weight  is  the 
great  factor  which  must  here  be  taken  into  consideration.  It  would 
be  very  desirable  to  try  the  following  variations  : 

1.  Extend  Set  A  with  additional  blocks  on  both  ends,  making  the 
smallest  as  small  as  possible  when  a  shell  is  filled  with  mercury  to 
80g  and  the  largest  as  large  as  possible  without  exceeding  the  given 
weight.  Handle  thera  in  the  most  convenient  way  and  match  them 
in  an  extended  series  of  the  B's  to  determine  whether  the  illusion 
varies  with  the  variation  in  diameter  according  to  Weber's  law. 

2.  With  the  same  scale  of  variations  in  size  make  different  sets  of 
different  weight.  Sets  of  40^,  160g,  and  320&  would  perhaps  be  the 
best  weights  to  try  in  addition  to  the  original  set  of  80g. 

3.  Since  the  illusion  depen<l>  very  much  upon  the  shape  of  the 
body  lifted,  it  would  be  very  interesting  to  determine  the  compara- 
tive amount  of  the  illusion  when  all  three  dimensions  are  varied  as 
in  regular  cubes  or  spheres. 

Dresslar1  found  that  of  bodies  (lead  sheets)  which  have  the  same 
weight  and  the  same  size  but  different  shape,  the  one  which  appears 
the  most  compact,  the  circle,  will  be  judged  to  be  the  heaviest.  The 
same  principle  ought  to  apply  to  the  cube  and  the  sphere  ;  and  it 
actually  appears  that  this  is  confirmed  by  Dr.  Scripture's  cubical 
boxes  as  well  as  by  Charpentier's2  brass  balls. 

Since  on  impact  the  weight  of  a  body  varies  with  its  mass  and  the 
square  of  the  distance  through  which  it  falls,  the  normal  association 

1  Dresslar.  Studies  in  the  psychology  of  touch,  Am.  Jour.  Psych.,  1894  IV  49. 
2Charpentier,  Analyse  de  quelques  elements  de  la  sensation  de  poids,  Archives  de 
Physiol,  1891  (5)111  126. 


24  C.  K  Seashore, 

between  weighl  and  velocity  of  Lmpacl  is  quite  strong  and  definite. 
Hence  on  the  basis  of  what  lias  been  determined  the  following 
experiment  may  be  suggested  :  Construct  an  apparatus  such  that  a 
ball  may  appear  to  fall  through  a  given  distance  and  impinge  upon 
the  hand  :  but,  by  a  secret  device,  it  falls  only  a  part  of  that 
distance  or  conversely,  through  a  greater  distance.  The  disappointed 
expectation  in  regard  t<>  the  velocity  of  impact  ought  to  eause  an 
illusion  which  might  readily  be  measured. 

The  difficulties  encountered  in  the  fifth  series  of  experiments  urge 
the  investigation  of  another  problem,  the  effect  of  color  on  discrimi- 
nation of  weight.  Several  observers  stated  that  it  had  a  decided 
influence  on  their  judgments.  The  experiment  might  be  performed 
somewhat  as  follows:  3iakc  a  standard  set  of  twenty  blocks  corre- 
sponding to  the  B's  above,  of  an  "indifferent"  color.  Let  these 
vary  by  steps  of  3s  each,  making  the  ninth  weigh  80s.  Make 
another  set  of  eighteen  blocks,  nine  of  the  "indifferent"  color  and 
the  remaining  nine  of  each  of  the  respective  spectral  colors,  together 
with  black  and  white.  Let  these  last  nine  be  weighted  to  80s  ;  four 
of  the  "indifferent"  to  77-,  74-",  71-,  and  68s  each  ;  and  the  remain- 
ing five  "indifferent"  to  83g,  86g,  89s,  92s,  and  95g  each.  Require 
the  observers  to  match  each  block  from  the  second  set  with  one  in 
the  first  set,  which  will  serve  as  a  measure. 

Dresslar1  seems  to  make  an  unjustifiable  inference  in  regard  to 
the  variation  of  this  illusion  with  the  degree  of  intelligence  of  the 
observer.  He  used  eight  cylinders  having  a  constant  weight  132g,  a 
constant  diameter  1  inch,  and  length  varying  by  steps  of  one-half 
inch  each.  Such  a  difference  causes  quite  a  decided  illusion  for 
everybody.  He  concludes  that  those  who  arranged  them  in  regular 
order  according  to  the  illusion  were  the  most  suggestible.  That  is 
not  necessarily  so.  All  that  he  can  conclude  is  that  those  who 
arrange  them  in  regular  order  have  the  finest  power  of  discrimina- 
tion ;  for  since  the  illusion  exists  for  all  persons,  an  error  in  the 
arrangement  is  the  same  as  an  error  of  observation  when  there  is  an 
absolute  difference  in  weight.  One  who  has  a  very  fine  power  of 
discrimination  may  arrange  the  weights  in  pei-fect  order  according 
to  the  illusion  even  if  the  illusion  is  not  half  as  strong  with  him  as 
with  another  person  who  is  a  poor  observer  and  cannot  judge  weights 
well  enough  to  arrange  these  in  order.  Dresslar's  apparatus  does 
not  afford  him  any  definite  measure  for  the  intensity  of  the  illusion. 

1  Dkks>lai:.  ychohgy  o)  touch,  Am.  Jour.  Psych.,  1804  IV  41. 


Measurements  of  illusions  and  hallucinations  in  normal  life.     25 

To  justify  his  conclusion  he  should  have  measured  the  extent  of  the 
illusion  for  the  different  classes  of  observers.  This  Gilbert1  did  in 
his  tests  on  school  children,  and  he  found  that  the  intensity  of  the 
illusion  decreases  quite  regularly  in  children  from  the  age  of  9  to  17. 
From  6  to  9  the  suggestion  increased,  but  from  9  to  17  inclusive  it 
decreased,  the  amount  of  the  illusion  for  his  apparatus  being  as 
follows  for  the  respective  ages  beginning  with  9  :  50.0s,  43.5s,  40.0s, 
40.5s,  38.0s,  34.5s,  35.0s,  34.5s,  and  27.0s.  If  we  admit  that  children 
at  17  have  a  higher  degree  of  intelligence  than  children  at  9,  this 
proves  just  the  reverse  of  Dresslar's  conclusion.  To  experiment 
further  upon  this  very  important  problem,  a  very  satisfactory 
arrangement  would  be  had  by  taking  Dresslar's  method  of  classi- 
fying pupils  into  three  classes  according  to  general  intelligence  and 
testing  them  by  the  apparatus  used  in  this  research. 

Psych. olor/ical  an alysis. 

Perception  of  weight  is  an  interpretation  by  discriminative 
consciousness  of  a  very  complex  series  of  peripheral  sensory 
elements  with  a  conative  feeling  of  effort  in  the  light  of  an 
intricate  series  of  associated  ideas.  An  illusion  of  weight  is 
caused  when  any  of  these  factors  stand  out  in  an  unnatural 
relation.  Thus  if  the  skin  be  inflamed,  the  haptic  sensations  will 
be  abnormal  ;  if  the  muscles  be  fatigued  or  the  joints  disordered, 
the  muscle  sense  and  the  joint  sense  will  give  a  wrong  impres- 
sion ;  if  the  central  associations  through  memory,  imagination, 
and  comparison  be  mistaken,  the  interpretation  will  be  false  ; 
and  if  the  exerted  effort  be  disproportionate  to  the  object,  the 
expended  energy  will  be  incorrectly  estimated. 

In  order  to  see  the  psychological  process  in  the  present  illusion, 
let  us  take  an  example,  magnify  that  instantaneous  perceptive 
process,  and  analyze  it  into  its  constituent  elements  in  a  schematic 
way. 

The  weight  of  an  object  is  to  be  determined  by  lifting  it  in 
view.  The  first  step  consists  in  the  presentation  of  a  sensation 
complex,  which  is  the  sensory  report  of  the  eye  and  hand  upon 
seeing  and  grasping  the  object  to  determine  its  spatial  relations. 
Though  knowledge  of   size    may  not  be  necessary  for  the  percep- 


1  Gilbert,  Researches  on  the  mental  and  phxjsical  development  of  school  children,  Stud. 
Yale  Psych.  Lab.,  1894  II  60. 
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tion  of   weight,   it    always   niters   as  a   preliminary  determination. 

I  cannot  conceive  what  kind  of  a  sense  of  weight  a  person  would 
have  without  some  estimate  of  the  volume  through  which  it  is 
distributed.  The  presentations  of  the  spatial  sensations  first  fix 
in  discriminative  consciousness  an  image  of  the  size  of  the  object, 
and  this  is  compared  with  the  memory  images  of  experiences 
with  similar  objects.  In  a  comparison  of  the  surface  appearances 
in  color,  shape,  nature  of  material,  smoothness,  hardness,  etc.,  it 
is  the  function  of  attention  to  bring  all  these  considerations  into 
service  to  determine  the  probable  weight  on  the  basis  of  previous 
experiences. 

After  an  elaborate  and  infinitely  complex  process  of  discrim- 
ination and  comparison,  the  result  is  that  a  probable  weight,  w, 
is  assigned  to  the  object.  This  whole  mental  process  was  per- 
formed before  the  object  was  raised  from  its  base.  The  motor 
apparatus  had  waited  for  a  command  from  discriminative  con- 
sciousness, directing  what  amount  of  effort  should  be  put  forth 
in  order  that  the  motor  adjustment  should  correspond  to  the 
mass  of  the  object.  In  consideration  of  the  estimated  probable 
weight.  10,  the  gauge  of  the  motor  impulse  is  set  to  a  correspond- 
ing amount  of  motor  effort,  w.  The  judgment  of  weight  is  an 
interpretation  and  estimation  of  the  amount  of  this  effort,  w, 
expended. 

If  the  effort  put  forth  just  meets  the  demand,  the  weight  will 
be  judged  accurately,  other  things  being  equal.  But  if  some 
greater  effort,  w  +  d,  should  be  required  in  succeeding  to  lift  the 
object,  the  extra  effort,  d,  is  brought  into  exceptional  relation  to 
"•.  and  this  causes  d  to  become  prominent  and  overestimated.  Since 
d  is  an  increment  of  to,  w  +  d  will  be  overestimated,  i.  e.  the 
weight  of  the  object  will  be  overestimated.  And,  if  w-d  should 
be  required,  <l  will  again  be  overestimated  for  the  same  reason. 
Since  d  must  lie  subtracted  from  to,  w-d  will  be  underestimated, 
i.  e.  the  weight  of  the  object  will  be  underestimated. 

Here  we  have  taken  for  granted  that  w  was  determined  by  our 
general  pasl  associations  between  weight  and  size.  But,  suppose 
in  a  particular  case,  largest  A  and  smallest  A  are  to  be  lifted  in 
succession.  Since  they  have  the  same  appearance  except  in  size, 
there  is  a  special  and  very  definite  association  formed  between 
size  and  weight,  which  raises  the  value  of  d  by  contrast  and 
makes  it  more  definite.  The  greater  the  value  of  d,  the  greater 
will    be   the    consequent    illusion.     Hence,    this    illusion    of    weight 
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depends  upon  our  more  or  less  fixed  associations  between  size  and 
weight. 

Sight  first  scans  the  object,  estimating  its  size  ;  then  come 
the  skin,  joint,  and  muscle  sensations  and  emphasize  its  reality 
and  solidity.  When  this  is  done,  active  motor  consciousness 
proceeds  to  estimate  its  weight.  Or,  to  emphasize  the  different 
steps  again,  the  size  of  the  object  is  first  estimated  ;  then,  on  the 
basis  of  that  and  the  appearance  of  the  material,  a  mental  esti- 
mate of  its  probable  weight  is  formed  ;  and,  with  the  muscles 
accommodated  to  this,  the  actual  weight  is  judged  by  estimating 
the  amount  of  expended  effort. 

The  above  analysis  corresponds  to  the  actual  process  of  per- 
ception in  the  case  of  the  illusion  under  consideration.  Let  us 
trace  its  process  more  particularly  in  different  stages. 

In  a  preliminary  way  two  objects,  largest  A  and  smallest  A  in 
the  above  apparatus,  are  to  be  compared  in  weight.  The  observer 
looks  at  both  and  then  lifts  largest  A,  noticing  its  size  particu- 
larly. It  is  found  lighter  than  was  expected.  Consequently  a  cer- 
tain amount  of  effort,  (/,  must  be  subtracted  from  w.  Therefore 
there  is  an  illusion:  largest  A  is  underestimated.  Then  he  lifts 
smallest  A  in  the  same  manner.  Since  the  two  objects  appear  to  be 
made  of  the  same  uniform  material,  and  the  weight  of  largest  A  is 
known,  the  probable  weight  of  smallest  A  i<  estimated  to  be  in  pro- 
portion to  the  size  of  the  objects  ;  hence  the  intensity  of  w  is  based 
upon  a  comparison  of  the  diameters  of  the  two  objects.  Conse- 
quently d  is  raised  to  a  very  high  value  by  the  disappointed  expecta- 
tion due  to  contrast,  and  smallest  A  is  very  much  overestimated. 
In  both  the  overestimation  and  the  underestimation  there  is  evi- 
dently a  surprise  or  disappointed  expectation. 

This  explanation  is  applicable  in  the  first  trial,  where  there  is  a 
surprise.  But  how  explain  the  persistence  of  the  illusion  in  repeated 
trials  with  the  same  block  as  well  as  with  a  series  of  blocks? 

Suppose  the  observer  has  matched  the  blocks  19  times  and  come 
to  a  fairly  positive  conclusion  that  the  smallest  one  is  twice  as 
heavy  as  the  largest  one.  Then  he  knows  just  what  to  expect  the 
20th  trial,  and  there  ought  not  to  be  any  surprise.  But  the  illusion 
is  there  just  as  before.  Could  we  neglect  or  break  up  a  series  of 
fixed  associations  that  have  been  forming  in  all  our  past  life,  then 
there  ought  theoretically  not  to  be  any  extensive  persistence  of  the 
illusion.  But  we  cannot.  The  judging  activity  is  not  in  such 
perfect  control  that  all  the  information  gained  by  the  first  trial  can 
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be  utilized  and  all  previous  associations  set  aside.  Instead  of  taking 
a  new  course  in  the  second  trial  and  estimating  the  amount  of  effort 
only  by  the  experience  with  these  particular  blocks,  interpretative 
consciousness  ignores  that  and  follows  the  formerly  set  paths  of 
habit.  It  receives  the  new  reports  from  the  spatial  senses  for  each 
trial,  compares,  discriminates,  and  commands  as  before,  often  irre- 
spectively of  the  immediately  preceding  experience.  This  is  liable 
to  continue  as  long  as  the  observer  is  not  informed  of  the  illusion. 

But  how  explain  the  persistence  of  the  illusion  when  the  observer 
knows  all  about  it  ?  Suppose  he  has  been  told  that  two  objects  have 
the  same  weight,  and  he  has  empirically  discovered  that  the  weight 
seem-  to  vary  inversely  with  the  size.  lie  lifts  them  and  the  orig- 
inal illusion  persists.  The  same  explanation  must  here  be  extended, 
lb'  doc-  imt  possess  will  power  enough  to  disregard  the  accustomed 
manner  of  association  and  put  into  practice  what  he  ought  to  know. 
Size  has  ever  before  been  influential  in  determining  weight,  there- 
fore, relatively,  it  can  not  be  suppressed.  This  is  not  a  sign  of 
weakness  in  discrimination  or  judgment  ;  it  is  the  working  princi- 
ple for  those  whom  we  consider  most  intelligent.  That  feeling  of 
interest  which  sight  commands  is  persistent  and  insists  on  distribut- 
ing the  felt  weight  throughout  the  perceived  volume  ;  and  in  the 
ordinary  flow  of  conscious  activity,  it  is  almost  impossible  to  muster 
force  enough  to  dam  it  up. 

The  same  principle  is  confirmed  by  the  variation  of  the  illusion 
with  the  directness  of  sight.  It  is  illustrated  by  the  four  steps  in 
the  third  series  of  experiments.  If  we  may  represent  attention  as  a 
force,  attention  to  spatial  sensations  and  attention  to  direct  sensa- 
tions of  weight  are  two  forces  which  have  generally  worked  in  the 
same  direction;  but,  under  these  illusory  circumstances,  the  former 
has  turned  againsl  and  opposes  the  latter.  As  one  decreases  the 
other  increases.  In  direct  sight  attention  to  size  has  a  strong  oppos- 
ing force  to  attention  to  weight  ;  in  direct  sight  the  former  decreases 
and  the  latter  increases  :  in  visual  memory  the  corresponding  increase 
and  decrease  i-  -till  greater;  and,  when  there  is  no  knowledge  of 
comparative  size,  attention  to  size  loses  all  force  and  there  is  no 
illusion. 

The  same  principle  is  again  exemplified  in  the  fourth  series  of 
experiments,  though  somewhat  differently.  Previous  to  this  the 
knowledge  of  comparative  size  had  been  acquired  by  sight.  Here 
sight  was  excluded  in  the  first  two  steps.  Size  was  estimated  by 
the  other  spatial  senses.     It  is  more  of  an  effort  to  determine  size  by 
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touch  or  muscle  sense  than  by  sight.  Hence  it  requires  more  atten- 
tion, which  would  otherwise  be  accorded  to  the  sense  of  weight. 

Again  it  is  evident  that  the  same  principle  suffices  to  explain  the 
illusion  due  to  the  suggestive  force  of  the  material. 

In  a  word,  then,  the  illusory  influence  of  size  upon  judgment  of 
weight  consists  in  disappointed  expectant  attention.  We  continue 
to  be  disappointed  because  we  will  not  take  the  temporary  circum- 
stances into  sufficient  account. 


PART  SECOND. 

Experimental  applications  of  the  principle  of  suggestion    in 
normal  presentations  of  sense. 

There  is  no  dearth  of  observations  on  "  errors  of  sense,"  nor  need 
we  review  much  of  our  normal  experience  in  order  to  discover  the 
presence  of  the  force  of  suggestion.  I  have  not  undertaken  to  search 
particularly  for  new  classes  of  illusions  and  hallucinations.  The 
purpose  in  the  following  experiments  has  rather  been  to  take  up 
some  of  the  simplest  forms  and  principles  of  illusions  and  hallucina- 
tions and  submit  them  to  examination  by  applying  the  laboratory 
methods  of  psychological  experiment  to  normal  waking  life. 

The  chaotic  and  superstitious  view  of  mind  represents  it  as  lawless 
and  unknowable,  while  on  the  other  hand  we  have  the  view  that  by 
scientific  method  and  philosophical  introspection  the  laws  of  mind — 
mind,  normal  and  abnormal — may  be  studied  and  classified  just  as 
well  as  the  laws  of  matter.  Again,  on  the  one  hand  we  have  the 
phenomena  of  hypnotism,  mind  reading,  crystal  vision,  apparitions, 
telepathy,  etc. — considered  as  occult  practices,  while  on  the  other 
hand  there  is  an  attempt  to  bring  them  in  conformity  with  princi- 
ples at  work  in  normal  every-day  life.  And  yet  again  we  have  the 
claim  that  the  world  of  things  is  but  an  illusory  creation  of  imagina- 
tion, while  on  the  other  hand  there  are  those  who  regard  the  states 
and  actions  of  mind  as  fleeting  phantasms  and  place  implicit  faith  in 
the  presentations  of  sense. 

Any  attempt  to  discover  the  nature  of  sensory  illusions  and 
hallucinations  deals  with  the  core  about  which  these  contentions 
center.  It  is  surprising  that  so  little  real  scientific  work  should  have 
been  done  in  a  field  so  important.  The  whole  subject  of  "  Trug- 
wahrnehmungen  "  readily  presents  itself  for  experiment  and  it  may 
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well  profit  by  the  recent  developments  in  laboratory  methods  and 
facilities  for  experimental  psychology.  Working  in  this  direction,  I 
have  the  disadvantage  of  being  one  <>t'  the  lirst  to  enter  this  domain, 
and  consequently  the  method  i>  tentative  and  cursory. 

Hallucinations  of  xoarmth. 

Apparatus. 

The  apparatus'  for  this  experiment  was  constructed  on  the  principle 
that  a  wire  will  be  heated  by  passing  an  electric  current  through  it. 
Two  binding  posts  were  placed  s  '■'■  apart  and  connected  by  a  German 
silver  wire.  They  were  then  connected  in  circuit  with  a  bichromate 
dip  cell  and  a  secret  open-circuit  key.  The  battery  and  the  stand 
supporting  the  German  silver  wire  were  placed  together  on  a  table  in 
front  of  the  observer,  while  the  open-circuit  key  was  fastened  under 
the  table,  where  it  could  be  readily  opened  and  closed  with  the  knee 
without  being  detected. 

Method  of  experimenting  and  result-. 

The  experimenter  and  the  person  experimented  upon  were  seated, 
one  on  each  side  of  the  apparatus,  facing  each  other.  The  prepara- 
tory explanation  had  to  vary  with  the  observer's  knowledge  of  the 
principles  involved.  His  attention  was  called  to  the  fact  that  an 
electric  current  will  heat  a  wire  and  that  it  will  take  an  appreciable 
time  for  a  person  touching  the  wire  to  perceive  this  heat.  The 
instructions  were  :  "At  a  signal  which  I  will  give,  after  the  dip  is 
lowered,  grasp  that  wire  between  your  thumb  and  index  finger; 
concentrate  your  attention  on  what  you  are  doing,  and  when  you 
feel  the  wire  become  heated,  say  hot." 

All  being  ready,  I  lowered  the  dip  as  mechanically  as  possible  and 
■  Mid  later  gave  the  signal  to  grasp  the  wire.  The  time  between 
the  signal  and  the  reaction  was  recorded  in  seconds.  In  the  first  two 
to  live  trials  I  closed  the  circuit  with  the  knee  key,  the  wire  was 
heated,  and  we  found  roughly  the  time  that  it  took  to  perceive  the 
heat.  The  observer  thus  received  a  distinct  perception  of  how  the 
wire  became  heated,  associated  this  with  the  lowering  of  the  dip, 
and  formed  a  distinct  estimation  of  the  required  time. 

Then  I  suggested  that  we  repeat  the  experiment  a  sufficient 
number  of  times  to  secure  a  fair  average.     We  proceeded  exactly  as 

^cripturk.  Tests  on  school-children,  Educ.  Rev.,  1893  V  61. 
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before,  except  that  I  left  the  current  broken  ;  thus,  although  I 
lowered  the  dip,  no  current  went  through  the  wire. 

Five  different  signals  were  used,  namely  :  (1)  a  wire  coil  whirled 
so  as  to  rattle  and  expose  a  red  card,  having  an  effect  on  eye  and  ear 
(the  starting  of  this  whirl  was  the  signal  to  grasp  the  wire);  (2) 
tapping  the  right  band  with  a  pencil  (same  hand  as  held  the  heated 
wire)  ;  (3)  tapping  the  left  hand  with  a  pencil  ;  (4)  tapping  on  the 
table;   (5)  saying  "Now;"  (6)  tapping  the  wrist. 

The  experiments  were  made  in  sets  of  ten  trials,  using  a  different 
signal  for  each  set.  The  signals  were  taken  in  the  order  given 
above.  When  no  heat  was  perceived  in  one  minute,  that  experiment 
was  recorded  as  a  failure.     The  results  are  contained  in  Table  VI. 


Table  VI. 
Hallucination  of  warmth. 
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0,  observer. 

T,  average  number  of  seconds  required 


J/,  total  number  of  experiments. 

X,  total  number  of  hallucinations  out  of 


M. 


for  the  hallucination  to  ari 

MV,  mean  variation.  E,   total   number   of  no  hallucinations 

F,  number  of  experiments  in  which  no    within  one  minute. 
hallucination   was   produced   within   one        A,  average  number  of  seconds  for  all  T. 
minute. 

The  object  of  using  different  signals  was  to  find  if  the  hallucina- 
tion would  be  influenced  by  the  character  of  the  signal,  but  the 
conditions  could  not  be  satisfactorily  controlled  for  that  purpose, 
and  the  difference  in  time  depending  on  this  is  not  great  enough  to 
warrant  any  generalization  from  the  figures  on  that  point.  It  is, 
however,  quite  probable  that  this  division  and  use  of  different  signals 
tended  to  increase  the  force  of  the  original  suggestion  by  intensify- 
ing the  expectant  attention. 
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The  leading  mental  process  in  these  hallucinations'  \v;ts  an  infer- 
ence. The  fad  thai  the  experimenter  performed  apparently  the 
same  manipulations  thai  in  the  preparatory  trials  had  produced  a 
distincl  sensation,  formed  the  definite  suggestion  that,  since  the 
conditions  were  in  toto  repeated,  the  resultanl  sensation  would  recur 
in  the  same  time  and  manner  as  before.  By  force  of  a  firm  expec- 
tant attention,  caused  by  this  inference,  the  image  of  the  sensation 
realized  itself  in  a  sensation  projected  into  the  peripheral  organs. 
And  in  the  positive  instances,  the  observer  felt  it  just  as  he  expected 
i"  feel  it.  although  there  was  no  physical  stimulus. 

Remarks  like  these  were  frequent:  "faint,"  "distinct,"  "quite 
warm,"  "very  distinct,"'  ''suddenly  hot,"  showing  that  the  hallucina- 
tion existed  in  different  degrees  of  intensity.  It  was  difficult  to 
convince  those,  to  whom  the  experiment  was  afterwards  explained, 
that  the  actual  stimulus  had  really  been  withheld.  The  eighth 
observer  had  heard  a  lecturer  refer  to  the  test.  When  questioned 
after  the  test  in  regard  to  his  experience,  he  said  he  felt  the  heat 
distinctly  every  time,  although  at  first  he  thought  there  was  some 
trick  about  it.  From  these  experiments  I  conclude  that  a  mental 
image  of  a  definite  liminal  sensation  of  heat  can  be  realized  in  a 
peripheral  sensation  in  the  absence  of  any  physical  stimulus  if  there 
is  no  incongruity  in  the  phenomena  which  serve  as  suggestions. 

Illusions  of  photometric  changes  in  gray. 

Apparatus. 

This  apparatus  was  constructed  on  the  principle  that  the  intensity 
of  the  shade  of  a  white  surface  varies  with  the  angle  at  which  the 
rays  of  light  strike  it.  The  aim  in  its  construction  was  to  present 
two  symmetrical  white  surfaces  so  adjusted  that  they  could  be 
turned  independently  at  a  graduated  rate  and  distance,  changing 
the  angle  of  incidence  of  the  rays  of  light  that  fell  on  both  surfaces 
from  one  artificial  light. 

A  front  opening  in  a  wooden  frame,  fig.  6,  was  covered  by  black 
card-board,   which  had  two  symmetrical  openings,  2cm  apart.     The 


1  I  have  observed  the  distinction  between  illusion  and  hallucination  first  made  by 
Arnold  (1806)  and  now  accepted  in  a  general  way,  namely,  that  sensory  illusion  is  a 
false  interpretation  of  an  object,  while  sensory  hallucination  is  a  subjective  sense 
image  objectively  realized  by  external  projection;  that  is,  in  illusion  there  is  a  physical 
cause,  while  hallucination  is  purely  subjective.  It  is.  however,  probable  that  there  is 
a  "point  de  repere"  in  many  of  the  phenomena  1  have  classified  as  hallucinations. 
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openings  were  6cm  wide  and  8cm  high.  Back  of  them  were  two 
leaves  swinging  on  hinges  at  the  middle  of  the  partition  between  the 
openings.  The  fronts  of  these  leaves  were  covered  with  fine  white 
Bristol  board.  To  the  outer  ends  of  these  leaves,  cords  were 
attached,  which  wound  around  an  axle  in  the  rear  of  the  apparatus 
in  such  a  manner  that  the  motion  of  the  leaves  could  be  controlled 


Fig.  6. 


by  a  crank  on  the  axle.  One  revolution  of  the  axles  constituted  the 
standard  for  measurement  of  change  in  the  angles,  and  was  marked 
off  in  corresponding  degrees  on  the  arcs  described  by  the  outer  ends 
of  the  swinging  leaves.  Thus  the  term  degree  is  an  arbitrary  unit 
and  not  -^n  °f  a  circle.  For  convenience,  I  will  speak  arbitrarily  of 
the  amount  of  change  in  the  intensity  of  shade  produced  by  the 
swinging  of  a  leaf  one  degree  in  one  second  as  a  change  of  one 
3 
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degree-second.  The  Bgures  in  all  the  tables  of  this  section  record 
the  results  in  terms  of  such  degree-seconds. 

The  apparatus  was  placed  in  the  dark-room.  A  standard  candle, 
«>ne  meter  in  front  of  it,  lighted  up  both  surfaces  equally.  The 
observer's  chair  was  placed  at  a  distance  of  4'"  directly  in  front  of 
the  apparatus.  The  range  of  vision  was  limited  by  two  slits  in  card- 
hoards,  the  one  placed  near  the  observer's  eye.  and  the  other  l"1 
away.  By  this  means,  distraction  of  the  eyes  was  avoided  and  the 
tops  and  bottoms  of  the  surfaces  to  be  observed,  where  shadows  were 
necessarily  cast,  were  cut  out  from  view.  The  surfaces  were  spoken 
of  as  right,  R,  and  left,  L,  from  the  observer's  point  of  view. 

At  the  beginning  of  an  experiment  the  white  surfaces  lay  in  the 
same  plane  and  the  incident  rays  of  light  struck  them  practically  at 
right  angles  ;  i.  e.  the  inner  edges  of  the  surface  were  2cm  apart  and 
the  candle  was  placed  directly  in  front  of  that  partition.  The  angle 
of  incidence  decreased  as  a  leal'  was  turned  back  on  its  hinge.  The 
surfaces  at  no  time  appeared  to  be  white  but  rather  a  light  gray. 
The  surfaces  increased  in  intensity  of  gray  inversely  with  the  angle 
of  incidence  of  the  light  rays.  There  was  ouly  one  light  in  the  room, 
and  by  the  above  arrangement  all  shadows  were  excluded  from  the 
surfaces  in  view.  The  crank  was  turned  one  revolution,  i.  e.  1 
degree  per  second. 

The  apparatus  was  not  constructed  for  very  accurate  photometric 
measurements,  but  for  comparative  measurements  it  serves  very 
well. 

.Method   of  experimenting  and  results. 

In  the  first  series  of  experiments  the  rate  of  change  was  deter- 
mined by  the  beating  of  a  metronome.  After  a  warning,  R  was 
turned  1  degree  per  second  until  the  observer  found  it  darker  than 
L.  Then  L  was  turned  until  he  thought  L  was  equal  to  R.  When 
this  had  been  repeated  a  few  times,  I  interspersed  chances  for 
illusions.  That  was  done  by  simply  allowing  time  after  the  warning 
without  any  movement  of  the  leaves.  The  warning  consisted  in 
saving,  "Ready,"  and  the  record  was  kept  in  seconds  marked  by  the 
metronome.  Nothing  was  said  to  the  observer  about  the  time  of  the 
discrimination.  He  was  simply  asked  to  state  when  he  saw  one 
surface  lighter  or  darker  or  both  alike.  He  could  not  see  any 
manipulations  of  the  apparatus.  His  attention  was  concentrated  on 
watching  the  change  of  the  shades.     The  fact  of  darkness  and  quiet 
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in  the  room  heightened  his  expectant  attention  and  threw  him  into 
a  suggestible  state  of  mind. 

Several  persons  were  experimented  upon  by  this  method  with  the 
result  that  the  required  change  appeared  to  them  universally  from 
6  to  13  sec.  after  the  signal  had  been  given,  whether  there  was  any 
real  physical  change  or  not. 

Though  the  metronome  which  was  used  in  the  first  experiments 
increased  the  force  of  the  suggestion  of  change,  it  afforded  an  ele- 
ment of  distraction,  which  was  avoided  in  the  later  experiments  by 
not  using  it.  The  reason  for  this  was  that  the  observer  could  not 
escape  paying  attention  to  the  time,  and  this  distraction  might  be  so 
strong  that  after  the  first  trial  he  would  be  in  danger  of  interpreting 
a  certain  number  of  seconds  as  so  much  change  of  shade. 

But  even  when  the  metronome  was  not  used,  the  suggestion  was 
so  effective  that  the  illusion  could  be  produced  alternately  with  the 
normal  sensation. 

In  the  following  records  S  will  denote  the  presence  of  a  physical 
stimulus  and  I  its  absence.  The  column  headed  S  in  the  table  shows 
the  number  of  degree-seconds  of  the  change,  i.  e.  the  number  of 
equal  steps  described  on  the  graduated  arc  in  an  equal  number  of 
seconds.  The  column  headed  I  indicates  the  illusions  by  giving  the 
average  time  that  it  took  them  to  arise.  This  time  may  be  compared 
with  the  time  given  in  column  S. 

Table  VII. 
Illusions  of  photometric  changes  in  gray :  Increasing  and  decreasing  deepness  of  shade. 
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£(25),  number  of  degree-seconds  it  was 
made  lighter. 
I(o)  and  J(25),  corresponding  illusions. 


Can  the  illusion  be  produced  in  decreasing  as  well  as  increasing 
intensity  of  shade  ?  The  question  was  answered  in  the  affirmative 
by  the  following  test  of  which  the  final  averages  of  the  results  are 


36 


( '.  K.  Seashore, 


given  for  throe  observers  in  table  VII.  L  was  left  constant  at  10 
ami  R  was  moved  toward  10  alternately  from  the  0  and  25  points, 
the  number  of  degree-seconds  indicated  in  the  table  and  the  observer 
was  to  tell  when  he  judged  the  two  surfaces  to  be  alike.  The  /trials 
were  alternated  with  the  S  trials. 

In  order  to  keep  up  the  suggestion  with  some  observers,  I  found 
it  expedient  to  start  moving  the  surface  at  the  end  of  20  seconds,  if 
the  suggestion  had  not  then  been  effective.  Hence  the  records 
higher  than  20  contain  only  partial  illusions,  and,  in  rare  cases, 
failures.  Thus,  in  table  VII,  23  shows  that  there  was  3  degree- 
seconds  of  physical  stimulus  present. 


Table  VIII. 
Illusions  or  photometric  changes  in  gray:   Dependence  upon  Vie  nwmber  of  repetitions. 


0 

M  V            I 
N  =  9                         N=l 

S'            MY 
N=6 

/'           .1/1' 
N  =  5 

I 

11 
13 

3 
3 

16 
30 

15               5 

12               3 

22 
23 

9 

7 

II 

4 
G 

1 
1 

7 
9 

0             1 

9               2 

1 

8 
12 

2 
3 

III 

9 

11 

3 

1 

7 
10 

19 
24 

8               2 
13               2 

13 

16 

5 
2 

IV 

12 
15 

1 
1 

1G 
12 

2 
1 

25 
27 

2 
2 

Ave. 

10.1 

1.7 

15.2 

11.4 

2.2 

18.1 

4.0 

N,  number  of  trials  on  each  point. 


Other  notation  same  as  before. 


In  accordance  with  the  principle  on  which  the  apparatus  was  con- 
structed, the  deepness  of  the  shade  changed  proportionally  faster 
in  the  dark  held.  Thus,  starting  the  leaves  successively  from  0,  10 
and  20  and  moving  them  at  the  same  rate  the  change  in  shade 
would  appear  sooner  after  20  than  after  10  and  sooner  after  10  than 
after  0.  Experiments  on  this  point  show  that  the  time  for  the 
illusion  to  arise  is  proportional  to  the  rate  of  actual  change  of  shade, 
although  the  observer  does  not  know  that  there  is  any  difference 
in  the  rate  of  change. 
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The  following  method  was  used  in  determining  the  dependence  of 
the  illusion  upon  the  frequency  of  the  repetition  of  the  suggestion 
in  form  of  the  real  stimulus. 

Four  sets  of  ten  trials  each  constituted  an  experiment.  In  the 
alternate  sets  the  stimulus  was  given  nine  times  successively  and 
followed  by  an  illusion,  while  in  the  other  sets  the  stimulus  was 
presented  for  the  alternate  trials  and  withdrawn  from  the  rest. 

L  was  kept  constant  at  0  and  R  was  started  at  0  and  moved  the 
number  of  degree-seconds  indicated  in  table  VIII,  which  gives  the 
averages. 

This  shows  that  : 

1.  The  required  time  and  amount  of  change  in  intensity  for  dis- 
crimination is  greater  when  the  stimulus  is  given  in  alternate  trials 
than  when  it  is  given  9  times  in  succession.  Ratio,  11.4  degree- 
seconds  to  10.1  degree-seconds. 

2.  The  time  for  the  illusion  to  arise  is  greater  when  the  illusion  is 
produced  in  alternate  trials  than  when  produced  only  once  after  9 
repetitions  of  the  stimulus.     Ratio,  18.1  seconds  to  15.2  seconds. 

I  would  not  ascribe  much  value  to  these  averages  were  it  not  that 
they  express  the  relation  which  I  find  obtains,  on  the  whole,  in 
experiments  on  each  of  the  other  senses. 

Time,  it  is  evident,  is  the  leading  element  in  this  kind  of  sugges- 
tion. By  the  following  method  I  have  secured  a  relative  measure  of 
its  influence.  The  illusory  element  in  the  method  of  the  next  two 
experiments  was  the  fact  that,  after  giving  a  regular  warning,  I  did 
not  begin  the  movement  of  the  leaf  until  after  the  number  of  seconds 
indicated  at  the  head  of  each  column. 

The  first  observer  had  100  trials  and  the  second  40,  but  only  the 
averages  of  the  respective  divisions  are  recorded  in  the  table.  The 
trials  were  so  distributed  with  alternate  S  and  Zand  a  proper  suc- 
cession in  regard  to  time  as  to  eliminate  systematic  and  progressive 
errors. 

Since  possibility  of  direct  suggestion  was  precluded  by  the  present 
method,  the  efficient  cause  in  producing  these  illusions  was  simply 
the  fact  that  the  observer  falsely  inferred  that  the  same  change 
which  took  place  after  the  first  signals  would  recur  after  each  suc- 
ceeding signal.  The  warning  or  signal  was  given  in  such  a  mechan- 
ical way  as  to  have  no  direct  influence  upon  the  discrimination. 

The  main  results  of  these  experiments  on  illusions  of  photometric 
changes  in  intensity  of  shade  may  be  summarized  as  follows  : 
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1.  Visual  illusions  of  deepness  in  shade  can  be  experimentally 
produced  by  securing  a  firm  expectanl  attention  to  a  known  sense 
percepl  ; 

2.  Though  time  is  one  of  the  main  elements  in  a  suggestion,  the 
illusion  will  occur  in  the  absence  of  any  external  suggestion  or 
special  emphasis  of  passing  time  (i.  e.  the  observer  does  not  know 
that  time  is  recorded)  ; 

3.  A  suggestion  of  change  from  dark  to  light  shade  is  just  as 
effective  a>  the  converse  ; 

4.  The  time  for  the  illusion  to  arise  varies  directly  with  the  time 
for  ordinary  discrimination  ; 

5.  The  discrimination-time  and  the  illusion-time  are  both  longer 
when  the  illusion  is  given  in  the  alternate  trials  than  when  it  is  only 
given  once  after  a  series  of  ordinary  discriminations. 

Table  IX. 
Illusions  of  photometric  changes  in  gray:    Dependence  upon,  the  duration  of  the  stimulus. 


10  Sec. 

15  Sec. 

20  Sec. 

0 

I 

S  MV 
16.3  2.7 

A    MV    I)    I 

17.2   2.4   0.9  4.1 

A    MV   I)   1 

.1    MV    D    I 

A    MV    D     J 

19.0  2.6  2.7   7.3 

22.3  2.5   6.0 

9.0 

24.9 

1.6 

8.6 

11.4 

II 

10.5   1.6 

12.0   1.5   1.5  3.5 

15.0  3.5  4.5  5.5 

17.3  5.2   6.7 

8.31 

1 

15.5 

5.2 

5.0 

15.0 

S>,  regular  stimulus  present.  Z>,  difference  between  5  and  A. 

M  V.  mean  variation.  I,  amount  of  the  illusion  expressed  rela- 

A.  result  when  the  stimulus  is  delayed  tively  in  degree-seconds  of  change. 

with  the  number  of  seconds  indicated.  ".  observer. 

6.  The  amount  of  the  illusion  varies  directly  with  the  amount  of 
variation  in  the  time  of  producing  the  physical  stimulus. 

Illusions  of  light. 

Apparatus. 

The  main  part  of  this  apparatus  was  constructed  for  the  purpose 
of  measuring  the  influence  of  the  rate  of  change  in  determining  the 
least  perceptible  difference  in  intensity  of  light,  but  has  not  before 
been  described.  It  consisted  of  (1)  a  kymograph  with  attachment 
for  rotating  a  wheel  at  a  slow,  measured  rate  ;  (2)  a  light  with 
lenses,  diaphragms,  shutter,  and  reflectors  ;  (3)  a  stop-watch,  namely, 
the  Runne  chronometer  with  electric  start  and  stop  ;  (4)  sounder 
and  telegraph  key  in  the  dark-room. 
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An  attachment  was  put  on  the  Zimmerman  kymograph  for  rota- 
ting a  large  card-board  disk  at  adjustable,  slow  rates.  On  a  radius 
of  this  disk,  and  in  metallic  contact  with  the  frame  of  the  kymo- 
graph, an  arm  projected  with  a  platinum  point,  which  made  contact 
with  another  point  insulated  from  the  frame,  at  any  position  in  the 
revolution.  The  edge  of  the  disk  passed  between  the  two  glasses  of 
a  double  photographic  lens.  In  this  passage  a  diaphragm  was 
inserted.  It  was  20mm  long  on  the  inner  edge,  and  the  sides  extended 
25mm  on  the  radii  of  the  disk.  The  rotating  disk  had  an  opening 
near  the  edge,  measuring  80mm  on  the  inner  side,  with  dimensions  of 
the  radii  symmetrical  with  those  of  the  opening  in  the  diaphragm. 
The  sides  of  the  two  openings  coincided.  The  platinum  point  could 
be  so  adjusted  that  it  made  contact  when  the  upper  edge  of  the 
disk-opening  was  at  any  desired  position  in  the  diaphragm.  There 
was  another  platinum  point  which  could  be  so  adjusted  as  to  close 
contact  when  the  lower  edge  passed  any  desired  point  in  the  open- 
ing of  the  diaphragm. 

The  light  was  cut  out  from  the  lens  by  a  shutter  which  was  sup- 
ported by  magnets,  charged  from  a  dip  cell.  Closing  the  platinum 
contact  shunted  this  current  through  the  apparatus,  released  the 
magnets,  and  dropped  the  -butter.  The  falling  of  the  shutter 
opened  the  course  for  direct  rays  of  light  through  the  lens  and  at 
the  same  time  closed  a  mercury  contact,  and  thereby  started  the 
stop-watch. 

An  Argand  burner  was  placed  50cm  in  front  of  the  lens  ;  oom  from 
this,  between  the  burner  and  the  lens,  there  was  a  white  tissue 
paper,  which  diffused  the  rays  of  light.  Two  reflecting  plates,  hav- 
ing facing  sides  coated  with  magnesium  oxide,  were  placed  on  the 
other  side  of  the  lens,  parallel  to  each  other,  at  an  angle  of  45 
degrees  to  the  rays  of  light.  The  light  thus  passed  through  the 
tissue  paper,  the  lens,  and  the  diaphragm,  and  was  reflected  by  the 
coated  surfaces.  It  was  then  seen  in  the  dark-room  through  a  cir- 
cular opening  10mm  in  diameter  in  a  black  diaphragm.  There  it 
appeared  as  a  disk  in  the  color  of  the  gas-flame.  Though  it  was  very 
clear  it  did  not  have  any  excessive  brightness. 

Telegraph  sounders  were  used  for  signals.  The  telegraph  key  in 
the  dark-room  was  so  connected  with  magnets  on  the  stop-watch 
that  the  reaction  stopped  the  watch.  Hence  the  time  between  the 
dropping  of  the  shutter  and  the  movement  of  reaction  could  be  read 
off  on  the  stop-watch  in  fifths  of  a  second. 


40  C.  A'.  S<  ashore, 

The  kymograph  revolved  the  <lisk  so  that  the  opening  in  the  dia- 
phragm, between  the  Lenses,  was  diminished  or  increased  according 
as  i lie  lower  or  upper  edge  of  the  disk  opening  passed  through  it. 
The  photometric  principle  involved  was  that  the  intensity  of  the 
stimulus  changes  with  the  variation  in  the  size  of  the  opening. 

Methods  and  result-. 

While  assisting  another  experimenter  in  tests  on  the  threshold  of 
change  as  dependent  on  the  rate,  it  became  apparent  to  me  that 
suggestion  might  play  an  important  part  in  the  experiment.  To 
determine  this  I  repeated  the  experiment  with  the  apparatus  just 
described  and  by  the  same  methods  as  were  being  used  in  the  investi- 
gation referred  to.  I  tried  to  keep  all  conditions  similar,  but  put 
myself  on  guard  to  discover  if  any  illusion  was  involved  in  the 
process. 

The  original  problem  was  this:  with  the  apparatus  just  as 
described,  to  find  the  dependence  of  the  time  and  accuracy  of  dis- 
crimination upon  the  rate  of  change  in  the  physical  stimulus.  The 
observer  was  to  react  as  soon  as  he  perceived  any  change  in  intensity 
of  brightness  of  the  disk.  He  knew  that  it  was  to  grow  darker  at  a 
definite  rate.1 

The  running  kymograph  closed  the  lower  platinum  contact  and 
thereby  dropped  the  shutter  the  instant  the  lower  edge  of  the  open- 
ing coincided  with  the  lower  edge  in  the  opening  in  the  diaphragm. 
This  act  exposed  the  disk  to  view  at  its  greatest  intensity  of  bright- 
ness. But  the  continuous  motion  of  the  kymograph  kept  the  card- 
board disk  revolving  at  a  uniform  rate.  This  regularly  diminished 
the  opening  in  the  diaphragm,  which  caused  a  corresponding  lessen- 
ing of  the  intensity  in  the  red  disk,  making  it  grow  darker. 

The  observer  was  seated  in  the  dark  room,  and  received  warning 
by  a  sounder  5  seconds  before  the  shutter  dropped.  His  instructions 
were:  "  React  as  soon  as  you  see  that  the  disk  has  become  darker 
than  it  was  at  its  first  appearance." 

It  was  not  stated  that  the  change  would  always  be  the  same,  but 
the  observer  generally  inferred  this  when  he  saw  the  apparatus. 

In  sets  of  20  observations  each,  I  interspersed  chances  for  illusion, 
at  irregular  intervals,  by  simply  stopping  the  kymograph  just  as  the 


1  Scripture.  On  the  method  oj regular  variation,  Am.  Jour.  Psych.,  180 1  IV  577. 
Scripture.  Ueber  du    .!•    lerungsempfindlichkeit,  Zt.  Psych.  Phys.  Sinn,   189-4  VI 
472. 
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disk  was  exposed.  It  was  thus  kept  constant  at  full  intensity  of  bright  - 
ness.  These  furtive  interspersions  were  made  from  2  to  6  times  in 
the  20  trials,  and  the  observers  almost  invariably  reacted  to  these 
corresponding  expected  changes,  perfectly  confident  that  they  had 
perceived  real  changes  taking  place. 

After  the  fact  of  this  illusion  was  known,  two  persons  continued 
the  experiments  on  the  threshold,  for  which  this  apparatus  was 
originally  intended.  To  test  the  accuracy  of  the  discrimination  the 
experimenter  interspersed  chances  for  illusions  as  in  the  above 
method.  These  illusions  were  never  detected  by  the  observer.  For 
the  purpose  of  the  original  problem,  the  experimenter  had  to  agree 
not  to  indulge  in  any  such  tests  because,  after  having  been  told  of 
it,  the  observer  became  suspicious  that  it  would  be  repeated,  and  was 
made  over-cautious.  This  over-cautiousness  led  him  to  wait  and 
verify  his  first  judgment,  and  that  made  the  discrimination-time 
worthless. 

Table  X. 

Illusions  of  light. 

0              LS  LI  DS  DI 

13  3  5  3 

II                 8  8  5  9 

III  5  6  5  4 

IV  4  6  3  5 

0,  observers.  DS,  disk  grew  darker  (actual  physical 

LS,  disk  grew  lighter  (actual  physical    change). 


chaDge). 

LI,    disk    grew    lighter    (no    physical 
change). 

The  record  is  kept  in  seconds.     Each  figure  is  the  average  of  five  observations 


DI.    disk    grew    darker    (no    physical 
change). 


To  find  whether  the  illusion  could  be  obviated  in  an  experiment 
of  this  kind,  I  instructed  the  observer  to  react  as  soon  as  he  could 
tell  definitely  whether  the  disk  was  growing  lighter  or  darker. 

The  two  platinum  contacts  were  so  adjusted  that,  by  closing  the 
circuit  with  either  one,  the  disk  would  be  exposed  at  half  its  possible 
intensity.  When  the  lower  contact  was  used,  the  disk  would  con- 
tinue to  grow  darker,  and  when  the  upper  contact  was  used,  it  would 
continue  to  grow  lighter.  The  results  are  shown  in  Table  X.  In 
this  and  the  following  tables  of  this  section  the  unit  of  measurement 
is  the  amount  of  change  in  a  second  at  the  given  rate.  We  may 
again  call  this  a  degree-second  of  change. 
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\^  these  figures  indicate,  the  illusion  came  out  surprisingly  strong 
even  when  the  precaution  was  taken,  to  require  the  observer  to 
discover  the  direction  of  the  change.  Though  there  was  no  sugges- 
tion as  i.i  whether  the  disk  should  grow  darker  or  lighter,  the  firm 
expectation  that  a  change  would  occur  one  way  or  the  other  proved 
a  sufficient  cause  to  call  forth  the  illusion. 

Although  these  were  brighl  men  and  very  cautious,  they  exemplify 
the  very  extreme  degree  of  su^crestilhlitv  to  this  kind  of  illusion. 

For  the  present  purpose  it  was  unnecessary  to  make  exact  photo- 
metric measurements,  because  these  relative  determinations  suffice  to 
bring  out  the  laws  of  the  suggestions  at  work. 

The  apparatus  was  so  constructed  as  to  admit  of  a  great  variety 
of  graded  rates  of  change.  In  units  of  the  arbitrary  gradation, 
O.l'l'  per  second  was  found  the  most  favorable  rate  for  effective 
suggestion.  At  this  rate,  which  is  employed  hereafter,  the  entire 
range  of  change  that   the  apparatus  permitted  was  traversed  in   16 


Table 

XL 

Illusions  of  light: 

Rate  of  change. 

J 

II 

III 

e  per  sec.     LS          LI 

DS        Dl 

LS        DG 

0.22               7              12 

7             9 

8              :> 

0.33               8              13 

6           10 

7              4 

Notation  san.o  as   in    the    preceding   table.     Each    number   is   the  average   of   5 
observations. 

seconds.  If,  e.  g.,  twice  that  rate  was  used,  there  was  danger  of 
either  hasty,  automatic  reaction  or  inhibition  of  the  illusion.  And, 
if  the  rat<-  was  made  extremely  slow,  the  result  would  generally  be  a 
confusion  because  the  transition  was  so  gradual  that  it  was  difficult 
to  retain  a  distinct  memory  image  of  the  original  impression. 

Table  XI  records  the  averages  of  an  experiment  in  which  the 
illusions  with  two  different  rates  of  change  are  compared.  In  the 
firsl  sel  flu  rate  of  change  is  0.22  per  second,  and  in  the  second  set 
!,  i.  e.  the  latter  i>  proportionally  slower.  Before  beginning  the 
experiment  the  observer  was  given  a  few  preliminary  trials — not 
more  than  ten,  and  thereupon  he  was  instructed:  In  the  first  set, 
react  when  the  disk  grows  lighter  ;  in  the  second,  when  it  grows 
darker  ;  and,  in  the  third,  when  you  can  see  whether  it  has  grown 
lighter  or  darker.  The  exceptionally  small  difference  in  time 
for  the  two  rates  is  partially  explained  by  the  fact  that  the  latter 
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set  of  observations  was  made  soon  after  the  former,  which  undoubt- 
edly served  as  a  suggestion,  shortening  the  time  in  the  other.  This 
fact  emphasizes  the  importance  of  arranging  laboratory  experiments 
in  a  proper  order  of  succession. 

To  discover  whether  the  illusion  could  be  worked  up  in  persons 
who  were  particularly  on  guard  by  expecting  an  attempt  of  illu- 
sion, I  made  the  following  test:  I  selected  two  observers  who 
knew  that  I  was  experimenting  on  illusions.  I  had  previously  tried 
them  with  a  slightly  different  method  and  failed,  but  now  nothing 
was  said  in  regard  to  what  would  take  place.  The  instructions  were, 
in  I  and  V^  (Table  XII),  to  react  when  the  disk  had  become  percepti- 
bly darker ;  in  II  and  IV,  when  it  had  become  lighter  ;  and  in  III, 
when  the  observer  could  tell  whether  it  had  grown  lighter  or  darker. 

Table  XII. 

Illusions  of  light :   Development  of  the  suggestion. 


/ 

DS 

II 
LS 

III 

A 

IV 

A 

V 

0 

LS           DS 

LS 

LI 

DS 

DI 

I 

12.2 

5.4 

2.3             2.6 

1.8 

6.2 

6.6 

11. 0 

II 

13.2 

5.5 

9.0             2.2 

6.5 

8.6 

6.0 

7.4 

The  notation  is  the  same  as  in  preceding  tables.     The  figures  are  averages  of  ten 
trials  in  each  group. 

This  shows  how  the  suggestion  accumulates  force  by  successive 
repetitions  of  the  real  stimulus.  As  was  shown  in  other  cases,  the 
illusion  would  not  have  been  likely  to  occur  had  the  chances  for 
illusion  been  introduced  near  the  beginning.  This  is  also  shown  by 
the  long  discrimination-time  in  set  I. 

Here  we  can  trace  the  evolution  of  an  illusion.  In  I  the  observers 
were  on  their  guard,  very  suspicious,  and  did  not  react  upon  the  first 
perception  of  change.  In  II  they  grew  more  exact,  and  by  this 
time  they  began  to  convince  themselves  that  no  illusion  was  involved. 
Ill  is  an  index  to  their  reliability.  In  IV  and  V  the  alternate  trials 
are  illusions  and  here  these  two  observers  showed  themselves  just  as 
susceptible  to  the  suggestion  as  those  who  were  not  thus  prejudiced. 

Pursuing  the  method  employed  in  the  experiments  recorded  in 
Table  IX,  similar  measurements  were  more  extensively  carried  out 
with  the  present  apparatus,  giving  the  results  of  which  the  aver- 
ages are  quoted  for  eight  observers  in  Table  XIII. 

The  observers  were  required  to  react  when  they  could  see  that 
the  disk  had   grown    brighter.     The    figures    at   the    heads    of   the 
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columns  Bhow  how  many  seconds  the  application  of  the  stimulus  was 
delayed  after  the  warning.  The  omission  of  the  stimulus  was  made 
by  stopping  the  kymograph  for  so  many  seconds,  allowing  one 
second  for  it  on  which  to  start. 

Progressive  errors  were  avoided  by  the  distribution  of  the  trials 
according  to  this  method,  one  trial  in  each  group  being  made  in 
succession  back  and  forth,  with  A  and  /  alternating.  Since  only 
two  trials  were  made  on  each  point,  the  variation  in  the  mean  results 
is  quite  large. 


Table  XIII. 
Illusions  of  light:   Dependence  upon  the  time  of  application  of  the  stimulus. 
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S.  regular  stimulus  present. 
.1.  >timulus  delayed  the  number  of  sec- 
onds indicated  at  the  head  of  each  section. 


B,  difference  between  S  and  A. 
I.  amount  of  the  illusion. 


The  results  of  these  eight  experiments  may  be  divided  into  two 
classes  according  to  the  general  laws  which  they  express  :  (1)  those 
in  which  the  omission  of  the  stimulus  does  not  increase  the  discrim- 
ination-time to  any  marked  degree,  namely  III,  IV,  VI,  VII,  and 
\  III  :  and  (2)  those  in  which  the  discrimination-time  was  increased 
nearly  proportionally  to  the  time  the  stimulus  was  omitted,  namely 
I,  II,  and  V. 

In  the  first  class  we  observe  that  the  time-suggestion  was  complete 
or  nearly  so.  The  observer  looked  at  the  disk  and  saw  it  grow 
brighter  when  there  was  no  physical  change  in  the  intensity  of  its 
brightness,  in  nearly  the  same  time  as  when  there  was  an  actual 
physical  change. 
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In  the  second  class,  the  illusion  occurs  sometimes  as  in  the  first, 
but  when  it  does  not  occur  the  discrimination-time  is  shortened. 
This  shortening  may  then  be  considered  as  a  partial  illusion,  which 
is  expressed  in  column  I.  There  is  only  a  difference  of  degree 
between  the  two  classes.  All  observers  were  more  or  less  deceived. 
The  comparative  extent  of  the  illusion  can  be  seen  by  a  glance  at 
column  /  in  each  section  of  the  table. 

There  are  especially  two  reasons  why  this  colored  disk  was  so 
efficient  in  producing  the  illusions.  First,  a  memory  image  of  the 
first  intensity  had  to  be  compared  with  a  later  intensity.  A  memory 
image  of  color  is,  however,  easily  retained  as  long  as  was  here 
required.  But,  secondly,  this  was  made  difficult  by  the  gradual 
transition.  A  gradual  change  must  be  much  greater  than  an  abrupt 
one  to  be  perceived. 

Since  the  whole  range  for  change  in  intensity  of  the  light  at  the 
rate  employed  was  traversed  in  16  seconds  and  the  light  was  pre- 
sented when  it  was  at  half  intensity,  it  took  only  8  seconds  to  bring 
it  to  its  full  intensity,  where  it  remained  constant.  Hence  those 
who  required  more  than  8  seconds  for  discrimination  perceived  the 
difference  when  the  intensity  had  actually  been  constant  for  some 
time. 

Besides  the  general  fact  of  the  existence  of  the  illusion,  the  follow- 
ing four  points  have  been  established  by  this  series  of  experiments. 

1.  Suggestion,  as  a  neglected  quantity,  vitiates  a  vast  amount  of 
laboratory  experiments  on  perception  of  liminal  differences. 

2.  The  influence  of  suggestion  is  not  always  avoided  by  requiring 
the  observer  to  discriminate  between  two  stimuli,  either  of  which 
may  appear,  because  he  may  unconsciously  look  for  only  one  of 
them  or  by  some  trivial  circumstance  suggest  to  himself  that  a  par- 
ticular one  of  the  two  will  appear  ;  and  if  sufficient  time  be  allowed, 
the  illusion  may  occur  just  as  if  one  definite  stimulus  had  been 
expected. 

3.  If  an  observer  begins  an  experiment  warned  against  illusion 
and  determined  not  to  be  deluded,  this  negative  suggestion  may  be 
overcome  by  repetition  of  the  real  stimulus,  and  the  positive  sug- 
gestion will  delude  him  as  if  he  had  been  unwarned. 

4.  Discrimination  for  liminal  differences  depends  largely  on  the 
regularity  with  which  the  physical  stimulus  is  applied  after  the 
warning.  If  the  stimulus  be  unexpectedly  delayed,  the  observer  will 
in  some  instances  perceive  smaller  objective  differences  than  ordi- 
nary, but  more  frequently  he  falls  into  an  illusion,  partial  or  total. 
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Hallucinations  of  an  object. 

Most  of  ray  experiments  have  been  designed  to  produce  hallucina- 
tions  or   illusions  of  single  qualities  or  differences   in   qualities  of 

objects.  Can  hallucinations  of  complete  objects  be  produced  in  the 
same  way  ?  That  they  can.  may  he  positively  inferred  from  the 
results  already  obtained,  but  I  have  made  a  simple  test  to  prove  it 
directly. 

The  object,  of  which  a  hallucination  was  to  be  produced,  was  a 
blue  head,  spheroidal,  the  shortest  diameter  being  1.8mi"  and  the 
longesl  3.5mm.  It  was  suspended  by  a  fine  black  silk  thread  in  front 
of  the  center  of  a  black  surface,  which  was  surrounded  by  a  white 
circular  bolder  whose  inside  diameter  measured  50mm.  By  a  con- 
cealed device,  the  bead  could  be  drawn  away  and  replaced  without 
the  observer's  notice. 

The  apparatus  was  placed  on  the  wall  lacing  the  door  in  the  dark 
room,  so  thai  when  the  door  was  open  the  observer  could  walk  up  an 
aisle  in  front  of  the  door,  constantly  having  the  apparatus  in  line 
level  with  his  eyes.  The  experimenter  was  seated  by  a  table  in  the 
dark  room,  ostensibly  to  keep  record,  but  really  in  order  to  manipu- 
late the  apparatus.  The  tests  were  made  during  daylight ;  to  avoid 
the  shadows  of  the  dark  room  and  secure  a  fairly  constant  light,  an 
incandescent  light  was  kept  burning  in  the  ceiling  of  that  room.  It 
was  essential  that  the  light  should  be  fairly  constant  only  during 
one  experiment. 

A  tape  line  was  stretched  from  the  apparatus  to  a  point  6.5m 
directly  in  front  of  it.  The  method  employed  was  to  first  show  the 
"1/m Tver  the  bead  in  its  position,  then  require  him  to  go  to  the  further 
end  of  the  tape  line  and  walk  slowly  up  towards  the  apparatus  until 
he  could  first  see  the  bead  distinctly.  When  he  saw  the  bead,  he  read 
off  the  distance  from  the  apparatus  on  the  tape  line.  I  recorded 
the  distance  while  he  went  back  to  repeat  the  trial  19  times  in  the 
same  way. 

In  the  fust  ten  trials,  the  physical  conditions  were  similar  and 
he  saw  the  bead  at  different  distances  with  but  a  small  variation. 
Whil.-  lie  w.-nt  back  to  start  for  the  eleventh  time,  I  pulled  a  cord 
which  slid  the  bead  behind  the  frame.  The  observer,  not  knowing 
this,  walked  up  as  usual,  and  when  he  came  to,  or  a  little  beyond,  the 
poinl  where  he  expected  to  see  it,  he  generally  did  see  it,  and  read 
off  th«-  distance  a-  before.  While  he  looked  at  the  tape  line  I  slid 
the  bead  back  in  place. 
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As  a  rule,  the  eleventh,  sixteenth,  eighteenth  and  twentieth  trials 
were  made  with  the  bead  withdrawn. 

I  did  not  make  the  test  statistical  at  all,  though  it  is  simple  and 
well  adapted  for  examination  of  great  numbers  of  individuals  if  due 
precaution  be  taken. 

About  two-thirds  of  the  persons  I  tried  were  hallucinated.  They 
knew  token,  where  and  how  to  see  the  bead,  and  this  was  sufficient  to 
project  the  mental  image  into  a  realistic  vision.  This  qualitative 
result  was  all  that  I  desired  to  obtain  and  I  carried  the  experiments 
no  further. 

Hallucinations  of  sound. 

There  are  three  prominent  difficulties  that  confront  us  in  trying  to 
produce  hallucinations  of  sound  experimentally  in  normal  life.  (1) 
It  is  almost  impossible  to  separate  the  required  sound  from  other 
external  sounds  and  from  the  subjective,  or  entotic,  sounds.  (2) 
Regulating  and  measuring  the  physical  stimulus  does  not  regulate 
and  measure  the  resultant  sensation.  (3)  It  is  difficult  to  induce  a 
firm  expectation  of  the  sound  by  circumstantial  suggestion. 

The  immediately  following  tests  were  of  a  precursory  nature,  and 
were  not  carried  out  with  any  scientific  thoroughness,  but  some  of 
the  general  observations  may  be  of  interest. 


ov 


A.     Preliminary  tests. 

1.  The  graphic  method  of  l^ecording1  was  used,  and  the  observer 
occupied  the  dark  room.  After  a  regular  warning  (one  tap  on  an 
electric  bell)  faint  clicks  were  given  on  a  telegraph  sounder  placed 
on  a  table  by  which  the  observer  was  seated.  There  was  no  strong- 
resemblance  between  these  clicks  and  the  sound  of  the  bell.  The 
warning  was  repeated  every  six  seconds,  and  three  clicks  were  given 
in  rapid  succession  two  seconds  after  the  warning.  The  suggestion, 
induced  by  experience,  was  that  these  sounds  would  recur  regularly 
in  the  same  order.  When,  however,  the  experimenter  caused  an 
exception  to  this  order,  by  occasionally  not  giving  the  clicks  after 
the  warning,  the  sound  of  the  warning  frequently  directed  expectant 
attention  so  strongly  to  the  sequel,  that  the  observer  thought  he 
heard  the  clicks  also. 


1  Bliss,  Investigations  in  reaction-time  and  attention,  Stud.  Yale  Psych.  Lab.,  1892- 
1893  I  1. 
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The  time  between  the  warning  and  the  stimulus  was  made  as  long 
as  two  seconds  to  avoid  the  probability  of  automatic  reaction. 

The  click-  from  the  sounder  were  too  unfamiliar  and  strange,  and 
hence  difficull  to  reproduce.  They  had  to  be  made  so  faint  that  the 
observer  <li<l  not  feel  certain  about  his  discriminations. 

2.  Instead  of  this  stimulus  I  tried  the  efficiency  of  a  click  pro- 
duced in  a  telephone  by  closing  the  circuit.  This  had  the  same 
difficulty,  and  the  additional  disadvantage  of  being  definitely  located 
in  the  diaphragm  of  the  telephone. 

3.  The  effect  of  a  constant  sound  from  a  tuning  fork  was  then 
tried.  A  250  v.  d.  fork  was  kept  vibrating  before  a  telephone  in  a 
distant  room,  and  by  mean-  of  resistance,  the  sound  received  at  the 
telephone  in  the  dark  room  could  be  so  adjusted  that,  allowing  for 
all  fluctuations,  it  would  still  be  decidedly  above  the  threshold  of 
perception. 

The  observer  was  required  to  tap  a  key  at  a  convenient  rate,  in 
circuit  with  the  recording  drum,  as  long  as  he  heard  the  sound.  It 
is  a  normal  experience  that  sounds  or  tones  of  this  character  are 
readily  reproduced  as  hallucinations,  but  for  experimental  purposes 
I  could  not  get  a  suggestion  definite  enough. 

Instead  of  inducing  a  conviction  that  the  sound  was  continuous, 
the  very  tact  that  the  observer  was  asked  to  react  as  long  as  he 
heard  the  sound  intimated  that  there  would  be  an  interruption. 
Notwithstanding  this  vagueness,  several  observers  were  so  strongly 
hallucinated,  that  when  the  stimulus  was  withdrawn,  they  still  kept 
on  reacting  until  stopped.  The  stimulus  had  been  applied  long 
enough  to  produce  a  definite  sensory  image  of  the  sound  ;  when  the 
stimulus  was  withdrawn  an  after-image  of  it  persisted  for  a  moment, 
then  the  hallucinatory  sensation  persisted  the  better,  because  there 
was  no  contrasting  sound  to  disturb  or  rectify  it. 

4.  In  order  that  an  assurance  of  the  continuity  of  the  sound  should 
be  resolutely  induced  by  auto-suggestion,  I  next  tried  the  tick  of  a 
clock  for  stimulus.  The  sound  was  transmitted  from  the  clock  to 
the  'lark  room  by  the  Blake  transmitter  with  telephone  connections 
in  which  an  open-circuit  key  was  inserted.  The  intensity  of  the 
sound  was  regulated  by  resistance  so  as  to  be  above  the  threshold  of 
distinct  perception  when  the  observer's  attention  was  at  its  lowest 
point  while  he  was  listening. 

The  advantage  of  this  stimulus  was  that  the  tick  of  a  clock  is 
familiar  and  a  memory  image  of  it    is  easily  retained.     It  was  reg- 
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ular,  definite  and  continuous.  The  observer  knew  I  was  recording 
his  reaction,  but  he  did  not  know  how  or  why. 

Without  the  use  of  any  warning,  he  was  asked  to  give  four  sets  of 
reactions,  namely  :  (1)  every  second  tick,  (the  clock  ticked  80  times 
per  second)  ;  (2)  every  fourth  tick  ;  (3)  every  fifth  tick  ;  (4)  every 
tenth  tick.  By  these  reactions  the  beats  would  be  grouped  with 
accent  as  in  musical  time.  The  observer  would  fairly  throw  himself 
upon  the  rhythmic  movement,  and,  as  he  surrendered  himself  to  it, 
a  constant  inhibiting  effort  had  to  be  exerted  in  order  to  keep  the 
reaction  from  anticipating  the  tick  and  gradually  accelerating  the 
rate. 

It  has  been  observed  by  Munsterberg1  that  a  brief  interruption 
in  a  stimulus  of  this  kind  will  be  bridged  over.  The  same  principle 
was  involved  in  the  experiments  of  Urbantschitsch2,  N.  Lange8, 
Eckener*,  Pace5,  Marbe6,  and  others  who  studied  the  fluctuation  of 
attention  to  liminal  sensations. 

Frequently,  in  my  experiments,  from  1  to  10  ticks  could  be 
omitted  and  the  observer  would  bridge  it  over.  But,  what  is  more 
remarkable,  the  hallucinatory  sensations  would  sometimes  rule  out 
the  sensation  directly  caused  by  the  stimulus,  so  that  the  observer 
would  e.  g.  react  for  16  ticks  while  in  reality  only  12  were  produced 
in  that  time. 

Such  hallucinations  may  be  due  to  the  tendency  in  an  observer  to 
accelerate  any  rythmic  movement  as  it  progresses. 

5.  The  next  apparatus  was  constructed  so  as  to  produce  a  given 
sound  at  regular  intervals.  Two  contacts  on  the  kymograph  were  so 
connected  with  magnets  on  a  stop-watch  that  wheu  the  first  contact 
was  made  one  magnetic  armature  was  drawn,  closing  the  circuit 
which   included   an  isolated   250  v.  d.  tuning  fork  and  the  primary 

1  Munsterberg,  Schwankungen  der  Aufmerksamktit,  Beitr.  zur  exp.  Psych.,  Vol.  I, 
No.  2  p.  69. 

2  Ukbantschitsch,  Zur  Lehre  von  der  Schallempfindung,  Archiv  f.  d.  ges.  Physiol. 
(Pfliiger),  1881  XXIV  574;  Ueber  subjectiven  Schwankungen  der  Intensitat  akustischer 
Bmpfindungen,    Archiv  f.  d.  ges  Physiol.  (Pfliiger),  1882  XXVII  436. 

3  Lange,  Beitrdge  zur  Theorie  der  sinnlichen  Aufmerksamkeil  und  der  activen  Apper- 
ception, Phil.  Stud.,  1888  IV  390. 

4  Eckener,  Untersuchungen  filer  die  Schwankungen  der  Auffassung  minimaler 
Sinnesreize,  Phil.  Stud.  1893  VIII  343. 

8  Pace,  Zur  Frage  der  Schivankungen  der  Aufmerksamkeit  nach  Versuchen  mit  der 
Massonschen  Scheibe,  Phil.  Stud.,  1893  VIII  388. 

6  Marbe,  Die  Schwankungen  der  Gesichtsempfindungen,  Phil.  Stud.,  1893  VIII  615. 
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coil  of  an  inductorium  ;  and  when  the  second  contacl  was  made  the 
other  armature  was  drawn,  breaking  the  circuit.  The  secondary 
current  from  the  inductorium  completed  a  circuit  through  telephones 

in  the  dark  room. 

The   kymograph   was  run   at   the   rate  of  one   revolution  in  ten 

•  nds,  and  the  contact  points  were  opposite  each  other;  hence,  the 

sound  was  senl  through  for  five  seconds   and   then   interrupted  for 

five  seconds.      In  this  way  a  uniform  alternation  could  be  continued 

indefinitely  by  keeping  the  kymograph  wound  at  a  constant  tension. 

The  closing  of  the  circuit,  which  produced  thestimulus,  started  the 
stop-watch,  and  the  observer's  reaction  stopped  it.  The  time  and 
regularity  of  the  reaction  were  determined  by  the  indications  of  the 
watch. 

Two  telephones  were  similarly  connected  in  the  same  circuit  and 
held  one  to  each  ear.  When  they  were  similarly  adjusted,  the  sound 
was  localized  at  the  root  of  the  tongue  in  the  median  plane  of  the 
head  :  and,  according  as  one  was  pressed  relatively  closer  to  the  ear, 
the  sound  was  localized  to  that  side.  But  the  contact  of  the  tele- 
phones with  the  ear  caused  a  disturbance,  and  it  was  difficult  to 
adjust  the  two  alike.  Therefore  the  two  telephones  were  perma- 
nently fixed  facing  each  other,  150cm  apart,  in  such  a  position  that 
when  the  observer  was  seated  his  head  would  be  midway  between 
the  two.  The  advantage  of  this  was  that  the  sound  seemed  to  fill 
the  room  and  could  not  be  definitely  localized. 

The  aim  of  the  experiment  was  to  produce  hallucinations  of  this 
sound  by  repeating  it  until  the  observer  had  taken  up  the  rhythm 
and  acquired  a  clear  mental  image  of  its  character. 

The  observer  was  required  to  react  every  time  the  sound  recurred. 
After  lie  had  continued  to  do  this  regularly  a  short  while,  the  sound 
was  occasionally  cut  out  by  means  of  a  switch.  If  a  hallucination 
had  been  aroused,  the  observer  would  continue  to  react,  as  was  fre- 
quently the  case,  for  over  a  minute,  when  there  was  no  stimulus 
present. 

But  here  again  the  very  suggestion  raised  a  doubt  in  the  mind  of 
some  observers  :  and,  by  actual  experiment,  I  found  that  the  discrim- 
ination for  sound  is  finer  when  the  sound  is  interrupted  at  intervals, 
a-  here,  than  when  it  is  continuous.  Therefore  this  method  was 
also  abandoned  after  some  trials,  and  the  real  experiments  I  care- 
fully carried  out  were  made  by  the  apparatus  and  method  now  to  be 
described. 
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B.     Main  experiments  on  auditory  hallucinations. 

The  apparatus  for  this  series  of  experiments  was  so  constructed 
as  to  produce  a  sound  whose  quality  was  constant,  and  whose  inten- 
sity could  be  varied  at  a  desired  rate. 

A  250  v.  d.  tuning  fork,  in  an  insulated  box,  was  kept  vibrating  in 
the  primary  circuit  of  an  inductorium.  The  induced  current  was 
completed  through  a  telephone  circuit  in  the  dark  room  and  could 
be  broken  by  a  switch.  The  telephone  was  fastened  near  the  ceiling 
in  such  a  position  that  it  was  TV :1!  back  of,  and  150cm  above,  the  ears 
of  the  seated  observer.  This  secured  the  same  effect  as  the  two 
telephones  in  the  preceding  arrangement,  and  the  sound  seemed  to 
be  distributed  throughout  the  room.  The  quality  of  the  sound  was 
not  a  tone,  but  rather  a  distinct  buzz,  the  result  of  the  interrupted 
current.  Telegraph  sounders  wire  used  for  signals,  one  in  the  dark 
room  and  one  in  the  experimenter's  room. 

The  method  pursued  can  be  best  understood  by  examining  the 
collective  records  in  Table  XIV  with  the  following  explanation  in 
mind. 

The  observer  occupied  the  dark  and  quiet  room  (a  room  with 
double  padded  walls  supported  on  rubber  disks  so  as  to  exclude  sight 
and  sound  disturbances).1  After  I  had  given  him  a  trial  signal  and 
produced  the  stimulus  for  his  recognition,  the  instructions  were 
ntially  :  "The  signal  means,  Listen;  every  time  you  receive  it, 
listen  attentively  until  you  hear  the  sound,  and  when  you  first 
perceive  the  stimulus,  react.  That  reaction  will  indicate  the 
threshold  for  your  perception  of  sound." 

The  intensity  of  the  sound  was  regulated  by  means  of  the  induc- 
torium. When  the  secondary  overlapped  the  primary  coil  the 
indicator  pointed  to  zero,  and  the  sound  was  at  its  greatest  intensity. 
As  the  secondary  coil  was  moved  back  from  the  primary,  the 
intensity  of  the  sound  decreased  in  a  ratio  favorable  to  the  relative 
measure  required.  The  figures  in  the  record  give  the  number  of  cm. 
by  which  the  coils  were  separated.  This  is  made  the  arbitrary 
measure  of  the  physical  stimulus. 

At  the  moment  the  signal  was  given,  the  secondary  coil  was 
started  so  far  down  the  scale  that  the  sound  produced  would  be 
below  the  threshold  of  perception,  and  then  moved  toward  zero  at 


1  Bliss,  Investigations  in  reaction-time  and  attention,  Stud.  Yale  Psych.  Lab.,   1892- 
1893  I  2. 
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the  regular  rate  of  0.5c,n  per  second.  Thus  if  the  starting  point  was 
25cm,  and  the  poinl  when  the  reaction  occurred  20cni,  it  required  10 
seeonds  to  reach  the  threshold. 

When  the  stimulus  had  been  given  about  ten  successive  times, 
approximately  once  in  20  seconds,  I  continued  to  give  the  signal 
regularly,  but  occasionally  cut  out  the  sound  with  the  switch  before 

Table  XIV. 
Hallucinations  of  sound. 


0 

p 

S 

MV 

NS 

H 

MV 

NH 

F 

I 

25 

20.8 

0.6 

3 

14.0 

1 

II 

27 

21.6 

0.8 

15 



_  .  -  - 

.  -  -  - 

2 

III 

25 

22.0 

0.9 

16 

20.8 

0.3 

2 

1 

IV 

25 

21.5 

1.0 

!4 

. 

.  .  -  - 

2 

V 

25 

21.9 

0.8 

12 

20.9 

1.9 

6 

-   -  -  _ 

VI 

25 

22.6 

0.8 

17 

-  -    -  . 

_  -  -  - 

3 

YII 

27 

18.2 

1.1 

29 

20.0 

3.0 

2 

3 

VIII 

30 

25.6 

1.8 

11 

19.0 



1 

-  -  _  _ 

IX 

30 

24.6 

1.5 

16 

24.3 

2.9 

3 

-  -  -  - 

X 

27 

18.9 

1.3 

18 







2 

XI 

27 

21.3 

2.1 

17 

20.0 

2.0 

3 



XII 

25 

21.3 

1.8 

17 

22.5 

0.3 

3 

-  -    ■  _ 

XIII 

26 

23.2 

0.7 

17 

24.2 

0.8 

3 



XIV 

32 

27.5 

0.9 

48 

28.5 

1.0 

8 

3 

XV 

30 

19.8 

0.4 

11 



. .    . 

.... 

1 

XVI 

28 

23.2 

0.8 

17 







3 

XVII 

30 

20.7 

0.6 

17 







3 

XVIII 

30 

25.1 

1.2 

18 

24.0 

1 

1 

XIX 

30 

23.0 

1.1 

16 

22.0 

1 

2 

0.  observers. 

P,  point  on  the  scale  of  the  inductorium 
at  which  the  indicator  was  started. 

S,  point  at  which  the  stimulus  was 
perceived. 

MV,  mean  variation. 


NS,  number  of  trials  in  S. 

II,  point  at  which  the  hallucination  was 
realized. 

NH,  number  of  hallucinations  in  H. 

F,  number  of  failures  to  realize  the  hal- 
lucination in  the  limited  time. 


the  signal  was  given.  I  moved  the  indicator  up  the  scale  at  the 
same  rate  as  before,  in  order  to  get  an  expression  for  the  time- 
relation  of  the  hallucination,  which  could  be  interpreted  in  terms  of 
the  rest  of  the  record. 
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Table  XIV  contains  the  record  of  the  experiments  on  19  persons, 
quoted  in  the  order  the  tests  were  made  ;  negative  as  well  as  positive 
results.  It  is  not  merely  a  statistical  fragment,  but  is  intended  to 
give  the  reader  an  opportunity  to  trace  the  actual  procedure  and 
experience  in  a  test  of  this  kind. 

To  explain  the  table,  25  at  the  head  of  column  P  in  the  record  of 
observer  I  means  that  the  secondary  coil  was  started  250m  down  the 
scale  from  the  primary  coil  every  time  the  signal  was  given.  20.8  in 
column  Vindicates  (1)  the  relative  intensity  of  the  sound  when  first 
heard,  and  (2)  the  time  required  for  the  stimulus  to  rise  to  this 
intensity  after  the  signal.  The  higher  the  number,  the  weaker  the 
sound  it  represents,  and  vice  versa. 

We  may  designate  the  movement  of  the  secondary  coil,  0.5cm  per 
second,  as  an  increase  of  one  degree-second  in  the  intensity  of  the 
stimulus.  Thus,  on  the  average,  observer  I  perceived  the  sound 
after  an  increase  of  8.4  degree-seconds  from  the  starting  point  ; 
observer  II,  10.8  degree-seconds,  etc.  No  sound  was  produced  physi- 
cally, still  observer  I  heard  it  22  sec.  after  the  signal.  2  in  column 
F  means  that  in  that  experiment  the  physical  stimulus  was  omitted 
twice,  but  no  hallucination  was  produced  in  the  time  allowed, 
namely,  30  sec.  When  no  hallucination  had  arisen  at  that  time,  the 
stimulus  was  applied  with  such  an  intensity  that  it  could  at  once  be 
perceived  in  order  to  keep  up  the  suggestion,  and  such  trials  were 
properly  recorded  as  failures. 

After  each  experiment  it  was  ascertained  whether  the  observer  had 
been  warned  by  any  person  or  circumstances  in  any  way  to  affect 
his  judgment.  It  was  found  that  nearly  all  those  who  gave  negative 
results  had  been  cautioned  in  some  way  to  be  suspicious,  but  this 
distinction  between  those  who  Avere  warned  and  those  who  were 
not  warned  cannot  be  sharply  drawn. 

The  psychological  laboratory  is  something  comparatively  new  to 
everybod}\  Persons  come  in  there  to  see  new  things  and  are 
prepared  for  surprises,  if  that  be  possible.  Since  I  did  not  tell  any 
person  that  such  and  such  a  sound  will  recur  so  many  times  at  such 
and  such  a  rate,  but  left  him  to  work  up  the  auto-suggestion  for 
himself,  it  may  be  reasonably  supposed  that  every  observer  was  in 
some  degree  sceptical  as  to  the  outcome  of  an  experiment.  The 
extent  of  this  sceptical  reserve  very  largely  determined  the  degree 
of  success  in  the  experiment. 

To  shut  a  person  up  in  a  dark  room  is  to  intimate  that  he  should 
pay  attention  to  sounds.     Then  the  associations  with  the  signal  tune 
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up  the  sensorium  to  such  a  tension  that  the  experience  of  previous 
sensations  is  vividly  imaged  and  the  observer,  as  it  were,  feels  and 
pictures  the  stimulus  approaching  the  threshold,  just  as  a  batter  feels 
and  sees  the  ball  approaching  him  after  it  has  Left  the  hand  of  the 
pitcher.  For,  by  the  method  employed,  a  strong  association  was  set 
up  between  the  expected  sound  and  the  spatial  and  temporal 
environment. 

From  this  point  of  view,  we  may  trace  in  the  positive  and  nega- 
tive aspects  of  the  results  two  co-ordinate  elements  ;  first  the  degree 
of  expectation,  and  second  the  power  of  vivid  imagination.  I  am 
confident  that  it'  it  were  required  to  select  a  number  of  persons  who 
could  be  systematically  hallucinated  according  to  the  present 
method,  it  could  be  done  by  means  of  a  careful  preliminary  exami- 
nation «>f  them  in  these  two   respects. 

The  measure  lure  i>  only  relative  and  arbitrarily  chosen,  depending 
upon  the  law  of  increase  in  intensity  of  an  induced  current,  but  it 
serves  the  purpose  quite  as  well  as  if  the  physical  measurements  were 
absolute.  The  threshold  is  never  the  same  for  different  individuals, 
nor  is  it  constant  tor  the  same  individual  at  different  times.  The 
aim  in  view  here  was  to  produce  a  hallucination  of  a  sound  such  that 
the  observer  could  say  positively,  "I  hear  'V."  The  intensity  of 
such  a  sound  was  determined  by  the  delicacy  of  the  observer's  audi- 
tory  apparatus  and  his  accuracy  of  discrimination. 

Of  the  GO  attempts  to  hallucinate,  34  were  successful  and  26 
unsuccessful,  within  the  time-limit  allowed.  This  is  a  large  proportion 
of  affirmative  answers,  when  we  consider  that  those  who  were  fore- 
warned are  included. 

After  the  hallucination  once  is  started  it  is  easy  to  continue  it,  and 
each  successive  hallucination  contributes  toward  the  building  up  of 
a  firm  expectation,  just  as  the  repetition  of  the  real  stimulus  does. 

Thus,  if  there  are  three  successful  hallucinations  and  no  failure  in 
tin-  first  20  trials,  it  is  very  probable  that  with  such  an  accumulation 
of  positive  associations  the  experiment  might  with  most  observers  be 
successfully  continued  through  a  series  of  trials  without  any 
stimulus.  I  made  several  trials  on  that  point  in  addition  to  those 
recorded  in  Table  XIV.  As  a  rule,  the  hallucination  would  be  kept  up 
;i-  long  as  the  observer  could  continue  unabated  attention  to  it,  and 
it  would  he  rectified  as  attention  slackened  from  fatigue.  But  for 
some  observers  the  hallucination  would  continue  indefinitely;  i.e. 
so  far  as  my  experiments  went,  for  when  they  had  been  hallucinated 
in  20  or  25  successive  trials,  the  experiment  had  to  be  discontinued 
on  account  of  fatigue. 
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These  experiments  forcibly  show  the  difficulty  of  exact  measure- 
ment of  mental  activities  and  the  danger  of  getting  false  results  even 
from  the  most  faithful  observer.  Had  all  these  results  been  positive, 
it  would  have  pointed  to  a  despairing  state  of  affairs  with  regard 
to  our  ordinary  reliance  upon  the  senses.  The  experimental  psy- 
chologist will  recognize  in  the  method  here  used  (excepting  the 
omission  of  the  stimulus)  a  familiar  type  of  experiment  on  discrimi- 
nation, which  is  generally  taken  in  good  faith.  These  tests  prove  it 
absolutely  unreliable  ;  one  little  circumstance  may  determine  what 
the  observer  shall  hear  or  not  hear  without  regard  to  the  physical 
stimulus. 

To  determine  the  effect  of  repetition,  I  made  the  above  experiment 
with  one  reliable  observer,  under  similar  circumstances,  at  ten  differ- 
ent times.  Each  experiment  consisted  of  twenty  trials  in  which  the 
stimulus  was  regularly  applied  in  the  first  ten  and  omitted  three  or 
four  times  in  the  last  ten  trials. 

These  ten  records  show  :  (1)  He  discriminates  for  lower  inten- 
sities in  the  latter  part  of  each  experiment.  (2)  Similarly  he 
discriminates  for  lower  intensities  in  the  last  than  in  the  first 
experiments.  (3)  The  hallucination  is  successfully  produced  in  all 
but  one  of  the  thirty— even  trials.  (4)  The  average  reaction  time  to 
the  hallucination  is  slightly  longer  than  the  reaction  time  to  the  real 
stimulus. 

That  the  reaction  time  is  shorter  as  the  experiment  progresses, 
may  be  partially  accounted  for  by  the  fact  that  time  is  more  and 
more  over-estimated  during  a  continuous  strain  of  attention. 

Using  these  ten  experiments  as  a  suggestion,  I  made  a  final 
experiment  of  twenty  trials  in  which  the  stimulus  was  never  applied. 
In  each  trial  the  observer  signalled  that  he  heard  the  sound,  and 
after  the  experiment  was  over  he  was  very  confident  that  he  had 
perceived  the  sound  distinctly. 

Beyond  the  details  discussed,  these  experiments  on  hallucinations 
of  sound  have  demonstrated  two  points  : 

1.  Hallucinations  of  sound  distinctly  above  the  threshold  can  be 
produced  experimentally  in  normal  life  by  leading  the  observer  to 
concentrate  expectant  attention  upon  the  desired  result. 

2.  Experiments  to  determine  the  threshold  for  perception  of 
sound  cannot  be  continued  through  a  series  of  repeated  trials,  with- 
out being  vitiated  by  the  suggestion  due  to  the  accumulating 
associations. 
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Hallucinations  of  touch,  t<i*f-.  smell  and  electric  stimulation. 

These  tests  are  grouped  together  because  they  are  of  a  rudimentary 
nature  and  depend  to  a  greal  extenl  upon  the  same  principle. 
There  were  three  main  points  in  the  aim  of  the  method  :  (1)  thai 
the  observer  should  clearly  recognize  the  sensation  to  be  produced; 
(2)  thai  by  repetition  it  should  become  familiar  and  definitely  asso- 
ciated with  its  cause  ;  (;>)  that  the  observer  should  be  led  to  watch 
expectantly  for  it  in  the  accustomed  time  and  manner. 

Touch. 

I  will  mention  in  a  cursory  manner  the  methods  by  which  1  suc- 
ceeded to  produce  hallucinations  of  touch.  Pithballs  were  used  for 
stimuli.  The  size  and  weight  had  to  be  adapted  to  the  cutaneous 
sensibility  of  each  individual,  as  well  as  to  the  place  chosen  for 
stimulation.  I  did  not  attempt  any  definite  measurement  of  the 
size,  weight  or  momentum  of  the  impinging  disk,  but  was  satisfied 
when  the  force  of  the  stimulus  was  such  that  the  observer  could  say 
that  he  distinctly  felt  the  sensations  produced. 

According  to  the  firsl  method,  the  instructions  were,  "  Say  '  There  ' 
every  time  I  touch  you  with  the  pithball  at  this  point"  (e.  g.  the 
knuckle  of  the  middle  finger  where  there  are  no  hairs). 

The  regular  stimulus  was  then  given  six  or  eight  times  to  build 
up  the  suggestion.  After  that  it  was  occasionally  omitted,  i.  e. 
according  to  the  accustomed  rate  at  which  it  was  expected.  The 
observer  was  seated  behind  a  screen,  and  the  experiment  was  tried 
with  and  without  warning.  When  no  warning  was  used,  the  first 
stimuli  were  given  at  a  constant  rate,  about  once  in  five  seconds. 

Some  of  the  observers  presented  the  ludicrous  spectacle  of  sitting 
behind  tin-  screen,  actually  feeling  the  sensation  and  confidently 
repeating,  "  There,  there,  there/'  etc.,  for  an  indefinite  time  after 
the  apparatus  used  for  stimulus  had  been  laid  aside. 

When  the  warning,  "Now",  was  used  the  stimulus  was  applied  at 
irregular  intervals.  In  this  case  time  was  no  object  in  the  reaction, 
hence  tin'  observer  was  not  rushed  to  give  a  hasty  judgment.  Yet 
in  about  three-fourths  of  the  cases,  the  mere  warning  was  sufficient 
to  produce-  the  -ensation  of  touch. 

In  a  variation  of  this  method,  the  observer  was  instructed  to  tell 
when  he  was  touched  after  each  warning.  The  place  of  stimulation 
was    limited  to   the   back   of   the   right   hand   and   wrist.     I  would 
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actually  touch  him  about  ten  times  and  then  continue  to  give  the 
warning  without  touching  him.  More  than  half  of  the  observers 
were  able  to  point  out  the  place  where  they  felt  the  hallucinatory 
sensations.  That  these  sensations  were  above  the  threshold  is 
shown  by  the  fact  that  when  the  stimulus  was  present  the  observers 
could  localize  it  correctly,  and  on  inquiry  it  was  found  that  the 
hallucinatory  sensations  sometimes  appeared  to  be  more  distinct 
than  the  regular  sensations. 

The  suggestion  was  increased  by  attaching  the  pithball  to  the 
pendulum  of  a  metronome,  by  means  of  a  cocoon  fibre,  so  that  every 
time  the  metronome  ticked,  when  the  pendulum  was  on  one  side, 
the  ball  would  drop  on  the  hand  of  the  observer.  When  it  had 
touched  about  ten  times  I  caught  the  ball  so  that  it  did  not  touch 
the  observer,  though  the  metronome  continued  to  tick  as  usual. 

The  association  of  the  touch  with  the  beat  of  the  metronome 
strengthened  the  suggestion  and  made  the  results  more  definite  and 
almost  universally  positive.  The  remarks  "  distinct  ",  "  very  dis- 
tinct",  etc.,  about  the  hallucinatory  sensation  were  frequent. 

The  most  successful  suggestion  produced  by  associating  the  touch 
with  a  sound  was,  perhaps,  the  following  : 

The  fibre  on  which  the  pithballs  were  suspended  was  attached  to 
a  special  lever  on  the  stop-watch,  in  such  a  manner  that  when  the 
experimenter  moved  the  lever,  it  simultaneously  started  the  watch, 
and  dropped  the  pithball.  The  observer's  hand  was  comfortably 
adjusted  in  a  fixed  position  with  the  palm  up.  He  sat  behind  a 
screen  and  could  stop  the  watch  by  his  reaction  on  a  key.  The  tick 
ot  the  watch  was  so  loud  that  he  could  hear  it  by  paying  attention. 

In  the  first  ten  trials  he  had  learned  that  the  wratch  began  to  tick 
just  as  he  felt  the  ball  touch,  and  suggested  to  himself  that  this 
association  was  permanent.  Hence,  when  after  the  tenth  trial  the 
ball  was  removed,  he  argued  that  every  time  he  heard  the  tick  of 
the  watch  again  the  touch  would  recur  with  it,  and  it  actually  did,  so 
far  as  most  of  the  observers'  sensations  were  concerned. 

Taste. 

An  electrical  stimulus  was  used  in  the  first  test  on  hallucinations 
of  taste.  The  intensity  of  the  induced  current  was  regulated  by 
means  of  changing  the  distance  between  the  two  coils  of  an  ordinary 
inductorium.  One  of  the  electrodes  was  furnished  with  a  platinum 
sheet  "8mm   square,   which    the  observer   applied    to    the    tip    of   his 
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tongue,  holding  the  other  in  his  hand.  The  observer  was  asked  to 
react  when  he  could  perceive  the  acid  taste  of  the  current.  He 
stood  by  the  apparatus  and  saw  me  start  the  secondary  coil  at  such 
a  point,  that,  when  moving  it  at  a  regular  rate  toward  the  primary 
oil,  the  threshold  for  perception  of  the  current  would  be  reached  in 
about  ten  seconds. 

This  was  repeated  ten  times,  but  the  eleventh  and  following  trials 
I  cut  cut  the  current  witli  a  secret  switch.  The  observer  had  by 
this  time  associated  the  cause  witli  the  effect,  and  elaborated  the 
image  of  the  sensation  so  thoroughly  that  he  generally  tasted  the 
current  in  the  expected  time  and  manner. 

Gustatory  hallucinations  were  also  produced  by  associations  with 
Liquid  stimulation.     The  test  is  rude  hut  it  illustrates  a  principle. 

Of  six  bottles,  two  contained  pure  water,  and  the  other  four  a 
series  of  solutions  of  pure  cane  sugar  ;  the  first  .1;,,  the  second  1$, 
the  third  _'/  and  the  fourth  K  sugar,  according  to  weight.  A 
block  was  casually  placed  in  front  of  them,  so  that  the  observer 
could  not  v,,.  them  although  he  was  aware  that  they  stood  near  by 
him.  because  he  saw  them  when  he  received  his  instructions.  It 
was  required  of  him  to  tell  how  weak  a  solution  of  sugar  he  could 
positively  detect.  I  took  a  glass  dropper  and  deposited  a  few  drops 
on  his  tongue,  drawing  first  from  the  two  water  bottles,  and  then 
from  the  sugar  solutions,  in  order  of  increasing  strength.  The  sugar 
was  detected  in  the  \$>  or  1$  solution  the  first  trial.  Proposing  to 
repeat  the  test,  I  proceeded  as  before,  but  drew  from  the  first  water 
bottle  every  time.  The  result  was  that  when  the  pure  water  had 
been  "tasted''  from  two  to  ten  times  the  observer  almost  without 
exception  detected  sugar. 

It  was  not  a  persistence  of  the  taste  from  the  first  trial,  because  in 
each  repeated  test  it   was  not  perceived  at  first. 

From  the  judgments  passed,  it  appeared  that,  though  the  dropper 
was  filled  from  the  same  water  every  time  after  the  first  trial,  the 
liquid  grew  sweeter  and  sweeter  to  the  observer,  until  he  could 
confidently  say  that  there  was  a  decided  taste  of  sugar. 

Smell. 

The  test  on  olfactory  hallucinations  was  conducted  similarly  to 
the  test  last  described. 

Twelve  bottles  containing  solutions  of  oil  of  cloves  were  arranged 
in   such   a  series  that   the  first  contained  fresh   distilled  water,   the 
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second  y  q^ftot  Part  °f  °^  °f  cloves,  the  twelfth  j^q-q  pai't  of  oil  of 
cloves,  and  the  intervening  ones  were  arranged  in  geometric  ratio 
according  to  strength. 

Ordinarily  the  oil  of  cloves  could  be  detected  in  some  bottle 
between  the  third  and  the  ninth  from  the  water.  I  showed  the 
observer  these  bottles  in  a  rack  and  then  asked  him  to  stand  in  the 
fresh  air  by  an  open  window  in  the  adjoining  room,  while  I  brought 
and  let  him  smell  of  the  liquid  from  one  bottle  at  a  time.  Since  he 
was  asked  to  tell  in  what  bottle  he  could  first  perceive  the  smell  of 
oil  of  cloves,  he  inferred  that  I  would  begin  with  the  weakest  solu- 
tion and  then  take  them  in  order  of  strength,  though  nothing  was 
said  to  him  about  that.  Some  time  before  the  real  experiment,  I  let 
him  smell  of  the  solutions  at  random,  so  that  he  knew  definitely 
what  to  expect,  but  in  what  he  considered  the  test,  I  brought  him 
the  water  bottle  every  time. 

About  three-fourths  of  the  persons  experimented  upon  perceived 
the  smell  of  oil  of  cloves  from  the  pure  water  bottle  when  it  had 
been  brought  from  three  to  ten  times. 


's' 


Electrical  stimulation. 

For  this  apparatus  I  used  the  induetorium  with  the  250  v.  d. 
tuning  fork  vibrating  in  the  primary  circuit. 

The  electrodes  of  the  secondary  current  terminated  in  the  bottoms 
of  two  tumblers,  filled  with  water  and  so  adjusted  in  a  frame  that 
the  observer  could  close  the  circuit  by  putting  one  finger  of  the 
same  hand  into  each  tumbler.  The  tumblers  were  filled  with  tepid 
water  and  each  one  was  supplied  with  a  rubber  support,  which 
allowed  the  fingers  to  be  immei*sed  lcm  in  the  water. 

By  eight  or  ten  trials  I  first  found  the  threshold  at  which  he 
could  perceive  the  stimulus,  i.  e.  the  ordinary  tickling  sensation  pro- 
duced by  the  interrupted  current,  then  I  left  it  stationary  so  far 
above  the  threshold  that  the  current  must  necessarily  be  perceptible 
during  all  ordinary  physical  and  mental  fluctuations.  The  stop- 
watch was  so  connected  with  a  rocking  commutator  in  the  secondary 
circuit,  that  when  the  commutator  closed  the  circuit  and  thereby 
applied  the  stimulus,  it  simultaneously  started  the  stop-watch.  The 
observer  stopped  the  watch  with  his  reaction. 

He  was  seated  behind  a  screen  and  could  not  see  the  watch  and 
the  commutator,  but  could  hear  the  former  faintly.  The  instruction 
was  that  he  should  associate  the  tick  of  the  watch  with  the  electrical 
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stimulation.  He  was  asked  to  react  when  he  first  perceived  the 
sensation  produced  by  the  current,  after  the  warning  "  Ready." 

To  limit  the  suggestion  I  made  the  interval  between  the  warning 
and  the  application  of  the  stimulus  very  irregular.  The  observer 
in  to  hear  the  tick  of  the  watch  the  same  instant  he  felt  the 
shock  from  the  stimulus.  This  was  repeated  ten  times,  and  after 
thai  the  stimulus  was  occasionally  omitted  but  the  warning  given 
and  the  watch  started.  When  nothing  was  said  about  the  watch, 
the  hallucination  very  seldom  failed  to  appear,  but  when  the  observer 
was  positively  warned  not  to  let  himself  be  influenced  by  the  sound 
the  hallucinations  were  less  frequent.  When  the  watch  was  not 
used  and  the  warning  was  still  given  regularly  in  the  preparatory 
trials,  only  a  small  per  cent,  of  the  observers  were  hallucinated. 

In  this  test,  as  in  the  first  test  on  taste,  tear  or  excitement  may 
have  been  the  immediate  cause  of  the  hallucination  for  some  observ- 
er-.     In  that  respect  these  tests  are  exceptional. 

Though  I  have  cited  no  measurements  on  this  class  of  hallucina- 
tions I  have  the  experimental  evidences,  which  might  have  been 
thrown  into  tables  lure  had  it  not  been  superfluous,  after  the  reports 
on  sight  and  sound. 


*»* 


Conclusions. 

From  this  series  of  experiments  the  following  conclusions  may  be 
drawn. 

1.  Hallucinatory  sensations  of  liminal  intensities  of  touch,  taste, 
smell  and  electric  shocks  may  he  experimentally  produced  in  normal 
life. 

2.  According  to  the  methods  here  employed,  these  hallucinations 
wen-  produced,  (1)  by  leading  the  observer  to  expect  the  respective 
sensations  at  a  certain  time  and  in  a  definite  manner;  (2)  by  associ- 
ating the  desired  sensations  with  a  warning;  and  (3)  by  associat- 
ing them  with  simultaneous  and  continuous  stimulations  of  other 
sens 

General  remarks  >>n  tin   experin"  -.nts  in   Port  Second. 

The  general  principle  here  studied  belongs  to  the  realm  of  the 
influence  of  feeling  in  perception  ;  but  this  series  of  experiments  is 
limited  to  the  influence  of  the  more  intellectual  emotions,  and  these 
are  reduced  to  a  minimum  as  in  the  process  of  deliberate,  voluntary, 
expectant  attention  in  normal  unexcited,  intelligent  persons. 
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Many  faults  may  be  found  with,  the  above  pieces  of  apparatus 
from  the  point  of  view  of  physics,  for  none  of  them  afford  means  of 
absolute  control  and  measurement  of  the  physical  stimulus.  I  can- 
not say  I  produced  so  loud  a  sound  or  so  strong  a  taste,  measured  in 
absolute  physical  quantities,  assuming  a  parallel  between  the  phys- 
ical stimulus  and  psychical  correlate  ;  but  the  main  desideratum  was 
to  secure  such  conditions  that  the  observer  could  say  without  hesita- 
tion, I  see,  hear,  touch,  taste,  etc. 

Since  the  method  was  a  combination  of  the  experimental  and  the 
statistical,  it  was  impossible  to  secure  trained  psychologists  as  observ- 
ers in  all  cases.  Nor  was  that  necessary,  for  if  I  obtained  observers 
with  a  good  general  power  of  discrimination  and  reliable  judgment, 
the  conditions  from  the  experimental  side  were  fairly  satisfied  ;  and, 
by  taking  a  large  number  of  persons,  the  demands  from  the  statisti- 
cal side  were  not  neglected. 

The  tests  purport  to  be  made  in  normal,  waking  life.  With  this 
condition  in  view  much  discretion  has  been  exercised  in  selecting 
such  observers  as  could  most  properly  be  spoken  of  as  normal. 
Advanced  students  (men)  would  naturally  be  considered  the  most 
reliable  observers  ;  at  the  same  time  they  were  the  most  easily 
accessible  to  me  and  readily  interested  in  the  work.  I  always  tried 
to  keep  the  observer  uninformed  as  to  the  actual  outcome  of  the 
experiment. 

All  possible  precaution  was  taken  to  secure  the  conditions  of  a 
normal  judgment.  The  observations  were  made  under  the  most 
favorable  physical  conditions  ;  distraction  was  guarded  against  ; 
automatic  reactions  were  practically  precluded  ;  and  the  case  was  in 
general  made  so  simple  that  the  important  conditions  could  be  fairly 
controlled. 

The  psychological  process  involved  in  these  experiments  is 
expressed  by  one  general  principle — suggestion. 

Suggestion  presupposes  mind  as  a  selective  agency  which  has  the 
power  of  choice  and  interpretation,  and  that  this  choice  and  manner 
of  interpretation  can  be  directed  to  a  great  extent  by  external  stim- 
uli and  central  associations. 

We  may  outline  the  characteristics  of  its  use  in  these  experiments. 
The  method  was  to  induce  expectant  attention  to  a  liminal  sensation 
by  the  presence  of  an  object  or  some  circumstance  connected  with  it, 
in  that  way  awakening  a  mental  image  which  should  realize  itself  in 
a  sensation.  The  first  step  was  to  give  the  observer  an  idea  of  what 
to  expect.     His  attention  was  called  to  the  apparatus  and  the  prin- 
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ciple  by  svhich  it  produced  or  served  as  a  stimulus,  and  an  actual 
example  of  the  character  of  the  stimulation  was  produced.  Hence 
he  acquired  an  image  of  the  given  sensation,  and  an  idea  of  the 
process  by  which  it  was  produced  and  began  to  associate  them  as 
cause  and  effect.  It  was  nexl  necessary  that  he  should  suggest  to 
himself  the  fact,  manner,  and  time  of  the  recurrence  of  the  sensation. 
The  methods  were  such  that  he  would  build  up  this  suggestion  by  a 
series  of  associations  which  may  be  reduced  to  the  following  four 
class*  s. 

1.  The  observer  was  by  his  own  choice  and  interest  led  to  notice 
the  manipulations  of  the  apparatus  and  form  a  definite  association 
between  the  action  of  the  apparatus  (or  his  change  of  relation  to  it) 
and  the  resulting  stimulation,  so  that  he  knew  what  the  result  would 
be,  that  he  would  perceive  it,  and  when  he  must  expecl  it,  e.  g.  in 
the  experiment  with  the  heated  wire  and  with  the  bead. 

2.  A  signal  or  warning  became  associated  with  stimulation  in 
certain  qualities  and  in  time  succession,  e.  g.  in  the  light  and  the 
sound  experiments.  The  observer  suggested  to  himself  certain 
permanent  relations  between  the  signal  and  the  sensation,  without 
having  been  told  anything  to  that  effect.  The  signal  aroused  the 
mental  image  and  in  the  absence  of  any  inhibition  it  realized  itself 
in  the  customary  time  and  manner. 

3.  AVhen  the  apparatus  was  not  in  view  and  no  signal  was  used, 
a  rhythmic  order  of  the  recurrence  of  the  sensation  was  sometimes 
set  up,  e.  g.  in  the  hallucinations  of  the  tick  of  the  clock  and  some 
of  the  tactual  hallucinations.  The  physiological  tendency  toward 
rhythmic  action  and  the  mental  associations  of  regular  recurrence 
established  a  firm  auto-suggestion  upon  false  grounds. 

4.  By  synsesthesia  one  sensation  brought  forth  another  sensation. 
A  certain  stimulation  produced  not  only  the  corresponding  sensation 
but  also  associated  sensations  of  the  same  sense  or  of  entirely 
different  s.  This  is  more  or  less  included  in  the  three  preceding 
methods,  but  it  is  particularly  involved  in  the  test  on  electric  stimu- 
lation and  some  touch  ami  taste  experiments. 

Expectant  attention  is  the  unitary  principle  in  all  these  kinds  of 

ion.      By   it   a  lifelike  image  of  the   sensation  was  awakened 

and  the  judgment  of  the  observer  was  s,,  profoundly  influenced  by 

this  that  he  convinced    himself  of  the    actuality  of  the  sensation  for 

which  no  correspondinic  physical  stimulus  existed. 
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PART  THIRD. 

Some  conclusions  and  deductions. 

The  following  statements  are  deductions  that  seem  to  be  justified 
by  the  experimental  data  and  the  facts  established  by  them. 

Experimental. 

Judgments,  which  were  the  phenomena  measured  in  this  investiga- 
tion, do  not  depend  alone  on  the  particular  sensations  judged,  but 
also  on  other  sensations  and  on  interest,  imagination,  and  expecta- 
tion, in  which  feeling  predominates  ;  attention  and  motor  readiness, 
where  will  predominates  ;  and  memory,  discrimination,  and  associa- 
tion, where  thought  processes  predominate.  Many  of  the  associa- 
tions and  states  of  mental  preparedness  depend  upon  suggestions 
from  the  environment.  A  seeminsdv  insignificant  word,  thine,  or 
circumstance  may  determine  what  the  observer  shall  perceive  or  not 
perceive. 

The  effect  of  disappointed  expectant  attention  in  judgment  of 
weight  is  shown  in  Part  First  ;  and  it  is  reasonable  to  suppose  that 
it  enters  into  other  classes  of  precepts  in  a  similar  manner.  In  Part 
Second,  the  effect  of  expectant  attention  which  frequently  realizes 
its  object  is  set  forth.  In  most  psychological  experiments  it  is  nec- 
essary to  secure  close  attention.  It  is  well  known  that  by  inatten- 
tion an  endless  number  of  errors  occurs,  but  it  is  often  overlooked 
that  forced  attention,  which  necessarily  rises  into  expectation,  is  one 
of  the  factors  that  must  be  carefully  guarded  against  in  experiments 
on  liminal  differences.  An  inference  which  I  consider  legitimate  in 
regard  to  all  these  results  is,  that  if  there  is  so  great  deception  in 
perception  of  small  differences,  there  is  a  corresponding  deception  in 
regard  to  details  in  perception  of  large  objects  or  groups  of  objects. 

The  experiments  in  Part  Second  demonstrate  four  different  meth- 
ods in  which  this  vitiating  effect  of  expectation  may  enter. 

1.  Attention  to  the  associations  between  a  sensation  and  a  definite 
process  of  physical  stimulation  may  cause  an  illusory  interpretation 
of  the  sensation  or  cause  the  sensation  to  occur  without  the  physio- 
logical modification  by  the  external  stimulus.  The  experiments  on 
hallucinations  of  temperature,  e.  g.  prove  that  our  interpretation  of 
liminal  sensations  is  utterly  unreliable,  when  we  attend  to  the  phys- 
ical stimulus  by  other  senses  than  the  one  stimulated.  Hence  if  we 
would  have  a  sensory  perception  true  to  that   normally  perceived 
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from   the  external   object,  special   precaution  must  be  taken  in  this 
respect. 

2.  Attention  may  rise  into  a  firm  expectation  by  means  of  a 
definite  signal.  Psychologists  have  recognized  that  when  a  mental 
image  of  a  sensation  has  been  produced  and  a  signal  given,  the  time 
of  the  perception  will  be  influenced  even  to  so  great  an  extent  that 
so-called  negative  reactions  may  occur.  The  above  experiments 
have  proved  that  the  use  of  a  signal  in  experiments  upon  liminal 
sensations  has  a  controlling  effect  upon  the  sensation  to  follow  ;  in 
view  of  these  results  it  is  necessary  to  reconsider  the  use  of  signals 
in  the  customary  way. 

3.  In  our  ordinary  physical  and  mental  activity  there  is  some 
degree  of  rhythm  or  time-order.  Even  if  we  guard  against  associa- 
tions with  apparatus  or  warning,  there  is  yet  a  trap.  If  successive 
trials  are  given  in  some  order  so  that  the  observer  can  in  any  way 
have  reason  to  expect  the  sensation  at  a  certain  time,  the  discrimina- 
tion will  be  influenced.  This  applies  even  if  it  be  required  to  dis- 
criminate between  two  definite  sensations,  either  of  which  may 
appear.  Also,  if  two  sets  of  experiments  with  a  slight  difference  in 
the  rate  of  change,  e.  g.  be  taken  immediately  after  each  other,  the 
expectation  based  upon  the  experience  in  the  first  set  will  influence 
the  perception  in  the  second  set.  Hence  the  importance  of  arrang- 
ing single  trials,  as  well  as  sets  of  experiments,  in  the  proper  order 
so  as  to  eliminate  the  effect  of  expectation. 

4.  By  virtue  of  synesthesia,  we  often  perceive  single  qualities  by 
two  or  more  senses.  One  sense  suggests  to  the  other  either  by  aid- 
ing in  completing  the  image,  as  sight  and  touch,  or  by  associating 
sensations  which  generally  occur  together  in  consciousness,  as  in 
combinations  of  sight  and  sound,  in  which  there  are  inferences  from 
one  to  the  other.  Therefore  it  is  important  in  laboratory  experi- 
ments to  control  the  stimulation  not  only  of  the  sense  which  is 
experimented  upon,  but  also  the  stimulations  of  those  senses  which 
may  in  some  way  be  associated  with  it  in  experience,  otherwise  the 
observer  may  easily  deceive  himself  by  taking  the  stimulation  of  one 
sense  for  the  stimulation  of  another  and  actually  perceive  the  latter. 
This  kind  of  suggestion  is  more  or  less  involved  in  all  the  preceding 
classes. 

Pathological. 

1.  Illusions  and  hallucinations  and  all  the  phenomena  in  which 
they  are   the    constituent  elements   (except  those  due   to    physical 
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pathology)  may  be  experimentally  produced  in  mild  forms  in  fairly 
normal  states,  for  the  purpose  of  studying  their  nature. 

2.  To  be  normal  is  to  have  a  firm  inhibiting  force  in  the  form  of 
discriminative  consciousness  which  checks  the  realization  of  vagaries 
of  imagination. 

3.  Experiences  in  all  forms  of  illusion  may  be  realistic.  People 
really  see  ghosts.  If  a  scientific  observer  in  the  bead  experiment 
sees  the  bead  as  real  although  there  is  no  bead,  I  do  not  think  we 
can  set  any  limit  to  what  an  excited,  imaginative  person  may  really 
see  under  circumstances  favorable  for  illusion.  Being  fully  con- 
vinced that  the  sensations  produced  by  suggestion  in  my  class  of 
observers  were,  as  a  rule,  real,  we  may  safely  infer  that  the  sug- 
gested experiences  during  hypnosis  are  as  a  rule  realistic.  Argu- 
ing by  analogy  from  the  present  experiments,  we  may  go  far  to 
explain  all  the  phenomena  which  depend  upon  sense  illusion.  The 
modern  sleight-of-hand  performer  does  not  pretend  to  do  anything 
but  delude  his  audience.  How  much  of  the  spiritualistic  seance  and 
all  the  phenomena  of  that  category  would  remain,  if  a  psychological 
analysis  of  the  illusions  were  pushed  far  enough  ?  Yet  good  men 
and  women  tell  us  those  wonderful  experiences  are  real. 

i.  Mind  acts  according  to  laws  in  normal  states,  and  abnormal 
states  are  caused  by  a  morbid  or  overstimulated  activity  of  the  same 
laws  when  some  side  of  the  regulative  activity  of  mind  is  dormant. 

5.  Greistngeb1  assigns  the  following  causes  for  hallucinations  : 
(1)  local  disease  of  organs  of  sense,  (2)  state  of  deep  exhaustion 
either  of  mind  or  body,  (3)  morbid  emotional  states,  (4)  outward 
calm  and  stillness  between  sleep  and  waking,  and  (5)  the  action  of 
certain  poisons.  The  experiments  I  have  made  justify  the  addition 
of  another  general   source  of  illusion,  namely,  expectant  attention. 

The  different  forms  of  suggestion  in  which  this  source  of  illusion 
is  prominent,  as  determined  in  the  experiments,  corresponds  to  the 
four  kinds  of  associations  which  constituted  the  suggestion  as 
detailed  in  the  foregoing  section.  Thus,  the  association  of  a  sensa- 
tion with  the  physical  stimulus  which  is  supposed  to  produce  it  con- 
stitutes the  virtue  of  all  the  devices  which  have  been  used  to  induce 
hypnotism, — magnets,  vials,  gongs,  crystals,  fountains,  incantations, 
and  even  the  word  and  presence  of  the  hypnotizer.  They  all  serve 
the  same  purpose  and  have  the  same  virtue,  i.  e.  they  are  the  means 
by  which  the  subject  arrives  at  a  certain  degree  of  expectation  and 
conviction. 

1  Sully,  Illusions,  p.  115. 
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Epistemological. 

A  thorough  investigation  of  the  epistemological  problem  begins 
with  a  study  of  ilu'  psychology  of  perception,  the  simplest  form  of 
immediate  knowledge.  The  first  question  there  answered  will  nat- 
urally be,  "  To  what  extent  is  our  sense-intuition  reliable?"  This 
part  of  epistemology  should  be  treated  in  the  psychological  labora- 
tory. Extended  laboratory  experiments  with  a  thorough  intro- 
spective analysis  must  pronounce  upon  the  psychological  problem  of 
sensory  illusions  and  hallucinations,  and  metaphysics  must  take  this 
decision  into  account. 

The  above  results  are  of  a  very  rudimentary  character  with  ref- 
erence to  this  problem,  and  they  were  not  made  with  it  especially  in 
view,  but  to  me  certain  empirical  facts  have  been  made  prominent 
and  clear. 

Looking  first  at  the  side  which  disparages  our  confidence  in 
knowledge  of  things  as  they  really  are,  the  following  considerations 
present  themselves.  All  mental  activities  are  involved  in  common 
acts  of  perception.  The  intricate  process  involved  in  the  perception 
of  a  single  quality  wTas  illustrated  by  the  weight  test,  and  the  same 
line  of  observation  might  be  infinitely  extended  to  show  that  to 
become  known  to  me  the  quality  of  an  object  must  enter  and  modify 
my  stream  of  consciousness  and  adapt  itself  to  it.  In  this  complex 
process  the  data  of  sense  are  profoundly  modified  by  central  states 
and  activities.  We  noticed  the  influence  of  one  of  these,  expectant 
attention,  in  its  twofold  character  as  disappointed  expectation  and 
as  realized  expectation,  when  based  upon  false  grounds.  What  we 
call  normal  perception  involves  many  illusory  influences — not  only 
those  of  physical  and  physiological  origin,  but  even  more  so  those 
due  to  the  functions  of  ideation,  memory,  and  imagination.  Indeed, 
suggestion  and  imagination  control  all  our  perception  by  the  senses. 
Very  intelligent  men  are  liable  to  embellish  and  misinterpret  their 
sense  'lata  even  under  circumstances  favorable  for  accurate  percep- 
tion. The  perception  of  liminal  differences  is  subject  to  so  many 
misleading  influences  that,  as  a  rule,  it  is  extremely  unreliable  ;  and 
th<-  cognitive  functions  act  very  imperfectly  in  giving  us  a  detailed 
representation  of  external  objects. 

But  on  the  positive  side,  confirming  us  in  the  belief  that  somehow 
we  perceive  things  as  they  are,  several  important  facts  may  be 
observed.  Illusions  work  according  to  laws  which  may  generally  be 
determined.     As   these    become   known  we  may  gradually  learn  to 
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rule  out  the  illusion.  The  known  physical  and  physiological  illu- 
sions do  not  necessarily  delude  us  because  we  may  make  allowance 
for  them.  Similarly,  we  may  now  make  an  approximate  allowance 
for  the  illusions  of  weight  and  for  all  other  illusions,  due  to  intel- 
lectualized  feelings,  as  they  become  recognized.  The  view  that 
illusions  and  hallucinations  do  not  act  according  to  law  is  as  wrong 
as  the  view  that  mind  in  its  normal  capacity  is  lawless.  The  more 
thoroughly  we  become  acquainted  with  the  laws  of  illusions  the 
more  accurately  will  our  sense  perceptions  fall  in  consensus. 


SIT  DIES  OF   FATIGUE. 

r.v 

John   M.  .Moore,  Ph.D. 


Effect  of  fatigue  ox  binocular  estimate  of  depth. 

Early  i  xperiments. 

The  firsl  apparatus  consisted  of  a  board  about  l£  meters  in  length 
into  which  were  driven  two  knitting  needles  exactly  one  meter 
apart.  Between  the  needles  was  a  brass  rod,  supported  by  two 
small  blocks  of  wood,  on  which  was  a  sliding  carriage  with  a  needle 
driven  into  its  center.  A  bead  was  placed  on  each  of  the  needles. 
The  beads  were  adjusted  in  a  straight  line  and  at  the  same  height. 
The  head  of  the  observer  was  put  into  a  support  which  kept  the 
eyes  in  line  and  at  the  same  height  with  the  beads.  He  was  told  to 
look  at  the  bead  nearest  him,  then  at  the  next,  and  then  at  the  last. 
He  was  to  judge  of  the  equality  between  the  distance  from  the  first 
to  the  second  and  that  from  second  to  third.  If  the  second  bead 
was  too  near  or  too  far  away  he  moved  it  by  a  cord  till  the  distances 
equal. 

Experiments  were  made  for  several  days  upon  myself  and  others. 
On  looking  at  the  beads  six  images  were  seen.  The  nearest  pair 
were  first  united,  then  the  second  pair  and  finally  the  third  pair. 
There  were  thus  never  less  than  five  images  present,  which  changed 
in  position  with  every  adjustment.  The  effort  to  combine  the  proper 
images  was  constantly  hindered  by  the  distracting  movements  of 
the  others.  These  double  images  interfered  so  much  thai  in  my  own 
I  was  unable  to  get  more  than  twenty  results  at  one  fitting,  on 
account  of  great  fatigue. 

Each  experiment  gave  a  record  of  the  distance  of  the  middle  bead 
from  the  nearer  one.  Taking  the  position  of  the  bead  in  the  first 
experiment  a-  the  standard,  it-  record  was  subtracted  from  each 
following  record.  The  results  thus  obtained  show  how  much  the 
middle  bead  recedes  from  the  nearer  one  as  fatigue  comes  on. 

Thus  three  sets  of  experiments  were  made  whose  results  were 
transformed  into  "fatigue   set-*'  by  subtracting  the   first   result  in 
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each  set  from  each  of  the  following  results  in  the  same  set.  The 
averages  of  the  three  sets  gave  the  results,  0,  12,  29,  35,  30,  50,  60, 
85,  98,  95,  113,  116  in  millimeters  as  the  amount  of  increase  over  the 
first.  The  amount  of  error  due  to  fatigue  duriner  these  twelve 
experiments  was  equal  to  about  the  amount  of  error  for  40  experi- 
ments according  to  the  later  method. 

With  others  experimented  upon,  the  double  images  likewise  dis- 
tracted the  attention  and  hindered  a  satisfactory  judgment.  The 
observers  never  felt  sure  of  the  distance  from  one  bead  to  the  other, 
as  their  attention  was  required  to  adjust  the  double  images. 

This  was  not  the  only  objection  to  having  the  three  beads  before 
the  eyes  at  one  time.  When  the  eyes  were  converged  on  the  first, 
with  the  second  and  third  double,  there  was  formed  a  triangle  of 
which  the  first  bead  was  the  vertex  while  the  two  images  of  the 
third  were  at  the  base.  With  this  outline  before  the  eyes,  the 
second  bead  could  easily  be  moved  until  its  double  images  became 
the  centers  of  the  sides  of  the  triangle.  This  could  all  be  done 
without  any  movement  of  the  eyes. 

Final  apparatus. 

A  board,  fig.  7,  a  little  more  than  one  and  a  half  meters  long  and 
thirty  centimeters  wide,  supported  by  three  legs,  served  as  the  table. 


Fig.  7. 


From  the  end  at  which  the  observer  sat,  at  a  distance  of  one-half  a 
meter,  the  first  brass  tube  T  was  stationed,  extending  down  through 
the  board.  In  this  tube  was  a  knitting  needle,  on  the  upper  end  of 
which  a  cylindrical  brass  bead  ]0mm  long  and  9tr,m  in  diameter  was 
fastened.  On  the  lower  end  of  the  needle  a  small  rod  was  fastened. 
The  needle  had  an  up-and-down  play  of  45mm.  Another  bead 
C  was  similarly  supported  at  a  distance  of  lm  from  the  first.  A  slot 
S,  70cm  long,  was  cut  in  the  board  between  the  two  beads.     Over  the 
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center  of  the  slot  was  a  brass  rod  R,  icm  in  diameter,  supported  at 
either  end  by  small  blocks  '-''"'  high.  Upon  this  rod  was  a  small 
brass  cylinder  D,  closely  fitting  but  free  to  move,  which  acted  as  a 
carriage  for  the  second  bead  B  supported  similarly  to  the  other  two. 
It  carried  an  index  1  which  extended  over  a  scale  graduated  in  both 
directions  from  the  center  of  the  distance  between  the  two  beads. 
This  carriage  was  moved  by  an  endless  cord  passing  over  pulleys  at 
the  ends  of  the  board.  It  also  passed  over  a  wheel  W,  whose  axle 
was  supported  by  two  blocks  under  the  table  at  a  short  distance 
from  the  front  end.  By  turning  the  protruding  axle  the  observer 
could  place  the  middle  bead  wherever  he  desired.  By  pushing  the 
lever  L  the  firsl  bead  A  could  be  raised  and  by  pulling  it  the  third 
bead  G  could  be  raised.  This  was  done  with  the  same  hand  which 
turned  the  roller  for  the  second  bead.  From  the  rod  F  on  the  lower 
end  of  the  second  bead,  a  cord  passed  up  behind  and  over  the  index 
rod  I  of  the  carriage,  then  through  the  slot  S,  under  the  table  to  a 
screw-eye  in  the  front.  This  was  used  by  the  left  hand  and  was 
kept  stretched  by  a  small  weight. 

The  beads  were  hidden  from  the  observer  by  a  blackened  upright 
board  E.  In  this  a  slot  2"""  wide  and  Jlcm  long  was  cut,  at  the 
height  which  the  beads  would  have  when  raised.  To  prevent  the 
eyes  from  looking  down  further  on  the  third  bead  than  on  the  other 
two,  by  virtue  of  the  visual  angle  covering  more  distance,  a  black 
tin  apron  (i  was  extended  15cm  out  from  the  slot.  The  head  was 
kept  in  the  same  position  by  putting  the  nose  at  a  definite  place 
each  time. 

The  apparatus  was  placed  on  a  large  table  and  was  raised  or 
lowered  so  that  when  the  observer  was  sitting  erect,  the  eyes  would 
be  opposite  the  slot.  The  beads  when  raised  were  in  the  direct  line 
of  vision  from  the  center  of  the  slot.  The  nose  having  been  put 
upon  this  middle  point,  each  bead  formed  the  vertex  of  an  isosceles 
triangle  made  by  the  line  of  sight  of  the  two  eyes.  No  movements 
were  necessary  except  those  of  accommodation  and  of  symmetrical 
convergence. 

M<  t hod  of  experiment. 

The  experiment  began  each  time  with  the  carriage  of  the  second 
bead  placed  at  the  end  of  the  slot  nearest  the  observer.  All  beads 
were  out  of  sight.  By  a  push  of  the  lever  the  first  bead  was  raised, 
its  position  was  noticed  and  it  was  allowed  to  fall.  By  the  cord  in 
the  left  hand  the  second  bead  was  raised  and  dropped.     Then  by  a 
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pull  of  the  lever  the  third  was  raised  and  dropped.  The  judgment 
was  made  as  to  whether  or  not  the  second  bead  was  in  the  middle. 
If  not,  the  block  was  moved  further  away  by  turning  the  wheel  and 
the  experiment  was  repeated.  This  was  done  until  the  bead  was 
judged  to  be  in  the  middle. 

A  few  trial  experiments  showed  that  almost  the  same  results 
would  be  obtained  if  the  experiment  began  Avith  the  second  bead  at 
the  near  or  at  the  far  end  ;  but  as  my  judgments  always  placed  the 
bead  nearer  the  farther  end,  it  was  best  to  bring  the  slide  over  the 
greater  distance  to  prevent  the  judgment  from  being  influenced  by 
the  distance  moved.  Had  it  been  moved  otherwise  the  distance  was 
short  enough  to  have  been  remembered.  Care  was  always  taken  to 
prevent  the  judgment  from  being  influenced  by  the  distance  passed 
over  by  the  carriage,  or  by  the  amount  of  cord  passed  through  the 
hand,  or  bv  the  number  of  revolutions  of  the  wheel. 

The  distance  of  the  first  bead  from  the  eyes  was  a  half  meter  ; 
this  is  not  short  enough  to  cause  any  strain.  The  third  bead  was  a 
meter  and  a  half  away  and  the  middle  point  was  500mm  from  either 
extreme.  The  part  of  the  scale  graded  from  this  point  toward  the 
eyes  was  called  negative  and  the  other  positive  ;  they  were  indicated 
by  the  signs  —  and  +. 

The  experiment  was  never  continued  to  complete  exhaustion.  In 
the  first  experiments  on  myself,  I  continued  until  vision  became  very 
indistinct  and  the  third  bead  was  focused  with  great  difficulty. 
This  occurred  about  the  fortieth  experiment.  Thereafter  the  set  of 
experiments  was  ended  at  the  fortieth. 

Each  individual  experiment  resulted  in  a  position  of  the  middle 
bead  somewhere  near  the  middle  point,  or  0,  between  the  two  end- 
beads.  Its  divergence  from  this  point  was  recorded  in  millimeters 
+  or  — . 

Observer  A. 

The  first  question  to  be  considered  is  the  position  of  the  estimated 
middle  point  for  the  first  experiment  on  the  successive  days  of  work. 

The  results  are  :  during  May,  27,  60,  33,  28,  74,  97,  83,  96  ;  during 
June,  75,  48,  48,  81,  80,  80,  90,  74,  61,  76,  86  ;  during  July,  92,  97, 
102,  92,  103,  121,  136,  126,  70,  104  millimeters,  all  being  +  or  devi- 
ations beyond  the  true  middle.  In  all  the  experimenting  upon 
myself  the  second  bead  was  never  brought  on  the  minus  side  and 
the  nearest  plus  was  27mni.  Thus  in  my  normal  condition  the  dis- 
tance between  the  two  beads  was  steadily  overestimated. 
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This  change  of  estimation  can  be  attributed  directly  to  fatigue  for 
the  following  reason.  When  I  began  experimenting  on  myself  in 
May,  I  was  in  excellent  physical  condition  and  my  other  work  was 
not  heavy.  Much  time  was  afterwards  required  for  outside  work 
and  the  pressure  became  so  greal  that  I  could  go  to  the  laboratory 
only  after  the  most  exhausting  labor.  During  the  last  few  days  of 
the  experimenting,  a  feeling  of  general  physical  depression  was 
experienced  even  at  the  beginning  of  the  experiment.  Further 
experimenting  was  postponed  till  June. 

The  June  experiments  were  begun  at  the  end  of  a  month's  work 
of  the  most  exhausting  character.  The  outside  work  had  now  nar- 
rowed  to  merely  an  employment  which  was  not  at  all  fatiguing  but 
which  prevented  any  rest.  The  wear  of  the  previous  severe  strain 
could  not  be  easily  repaired.  There  was  very  little  change  in  the 
physical  condition  and  the  record  shows  very  slight  variation. 

Table  I. 

Fatigue  in  binocular  estimate  of  depth. 

No.  of  record 1  2  3  4  5  6  7  8  9  10  11  12  13 

May.  average 0  3  9  20  17  28  19  21  30  47  43  48  62 

June,  average 0  2  4  G  13  18  10  18  18  20  37  41  33 

May  and  June,  average 0  2  6  12  15  22  14  19  23  32  40  44  45 

No.ofreeord 14  15  1G  17  18  19  20  21  22  23  24  25  26 

May.  average 54  61  64  71  77  83  79  62  60  76  83  75  84 

June,  average _31  31  11  36  42  48  44  44  48  49  48  51  44 

May  and  June,  average 41  44  51  50  5G  63  58  52  53  60  63  61  61 

No.ofreeord 27  28  29  30  31  32     33  34  35     36  37  38  39  40 

May.  average 92  78  81  87  96  91   104  88  82  109  86  99  91  105 

JuDe,  average 41  43  49  58  54  52     61  60  58     66  56  65  62  65 

May  and  June,  average. 62  58  62  70  71  67     78  71  67     72  68  78  74  80 

During  July  the  work  was  steady  and  experiments  on  the  eyes 
were  made  two  or  three  times  each  day  till  Aug.  1.  The  eyes  were 
becoming  greatly  fatigued.  The  exceptional  character  of  the  ninth 
experiment  in  July  is  due  to  the  fact  that  Sunday  intervened  between 
the  eighth  and  ninth  with  a  general  rest  of  forty-four  hours.  The 
records  for  July  show  a  large  increase  over  the  records  similarly 
taken  in  .May  and  June.  The  painful  sensations  in  the  eyes  testified 
to  fatigue.  In  the  beginning  of  the  experiment,  at  the  first  con- 
Ejence,  a  severe  pain  was  often  felt  over  the  eyes.  When  any 
near  object  was  focused  tin-  same  painful  feeling  was  experienced. 

A  suggestion  is  here  offered  to  the  teachers  in  primary  and  sec- 
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ondary  schools.  Where  proper  supplies  cannot  he  furnished  by  the 
community,  a  large  amount  of  copying  from  a  blackboard  is  required. 
Small  children  are  frequently  compelled  to  do  this  work,  although 
the  fatigue  is  particularly  injurious  in  their  case.     They  are  not  able 


Fig.  8. 


to  grasp  a  sentence  and  write  it  from  one  glance  ;  they  must  con- 
tinually change  their  convergence  by  looking  to  the  board  and  back. 
Even  larger  pupils  are  very  often  required  to  copy  Latin,  Greek  or 
German  from  the   board.     These  languages  not  being  familiar,  the 
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convergence  must  be  changed  for  almost  every  word.  If  such  work 
Is  continued  many  minutes  in  succession,  or  for  a  short  time  every 
day,  tlic  evil  effecl  will  be  seen  in  those  pupils  whose  eyes  are  not 
Btrong.  They  will  be  afflicted  with  headaches  and  will  be  greatly 
disturbed  in  the  preparation  of  lessons. 

The  second  question  for  consideration  is  the  effect  of  the  special 
fatigue  in  each  experiment  of  the  set  of  forty.  In  the  previous  par- 
agraphs only  the  first  e\p  Ttment  of  the  set  was  considered.  With 
this  first  experiment  taken  as  a  standard,  any  deviation  of  the  suc- 
ceeding results  from  the  same  figure  can  he  attributed  to  fatigue 
resulting  from  the  previous  experiments  of  the  same  set.  Accord- 
ingly for  each  set  the  difference  between  each  experiment  and  the 
firsl  experiment  was  computed ;  thus,  +3  for  the  second  experiment 
would  indicate  thai  the  middle  point  was  placed  3"""  further  from 
the  eyes  than  in  the  firsl  experiment.  The  result  of  the  first  experi- 
ment was  thus  used  as  a  zero-point  from  which  to  reckon  the  effect 
of  fatigue  in  the  following  experiments. 

The  average  divergence  of  the  second  result  from  the  first  was  +3 
for  the  eight  sets  in  May,  that  of  the  third  was  +9,  etc.  The 
complete  list  is  shown  in  Table  I,  all  the  results  being  -f . 

The  table  and  the  curve,  rig.  8,  show  an  increase  from  the  very 
beginning.  In  the  curve  for  May,  in  the  second  experiment  there  is 
an  increase  of  3mm  over  the  first,  in  the  third  9""n,  and  in  the  fourth 
20mm,  and  so  on.  In  the  curve  for  June,  2mm,  4mm,  and  6mm  are  the 
increases  of  the  second,  third,  and  fourth  experiments.  In  the  com- 
posite curve  for  May  ami  June  the  increases  are  2mm,  6mm,  12mm. 
From  this  it  seems  evident  that  fatigue  begins  very  early  in  the 
experiment.  As  each  single  experiment  represents,  on  the  average, 
four  distinct  trials  at  accommodation  and  convergence  it  is  safe  to 
say  that  fatigue  sets  in  within  ten  trials,  though  it  may  not  be 
detected  by  any  painful  sensations  for  more  than  twice  that  number. 

The  increase  for  May  is  much  more  rapid  than  that  for  June. 
This  is  true  for  all  the  records.  May  ends  with  an  increase  of  105mm, 
while  dune  reaches  only  to  05""".  While  this  may  be  attributed  in 
part  to  external  circumstances  or  physiological  conditions,  it  is  due 
to  a  large  extent  to  practice,  as  has  been  pointed  out  by  Feciiner.1 
Continued  practice  would  enable  the  subject  to  make  many  more 
experiments  before  exhaustion  than  were,  made  in  this  series.  The 
form  of  the  curve  would  continually  vary  until  practice  had  reached 


1  Feciiner.  /',/,.,-  ,/, ,,  <;,,  :,  ,/,.r  MiiskrtHbung,  Ber.  d.  k.-sachs.  Ges.  d.  Wiss.,  math.- 
phys.  Kl.,  1857  IX  113. 
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its  maximum.  The  general  form  would  not  be  so  much  changed, 
but  certain  parts  of  the  curve  would  be  stretched  out  as  in  the  case 
of  those  who  are  not  easily  fatigued. 

The  composite  curve  shows  that  fatigue  changes  our  estimations 
very  rapidly  in  the  early  experiments,  while  the  successive  "incre- 
ments decrease  toward  the  end  of  the  set.  The  curve  rises  more 
rapidly  in  the  first  half  than  in  the  last.  The  change  in  the  last 
quarter  is  not  nearly  so  marked  as  in  the  first  quarter.  Could  the 
experiments  be  continued  to  complete  exhaustion,  the  curve  would 
assume  a  parabolic  form.  That  is,  the  observer  will  continue  to 
increase  the  overestimation  until  the  bead  reaches  a  certain  point, 
beyond  which  it  cannot  be  moved  without  the  observer,  however 
fatigued,  knowing  that  it  is  nearer  the  third  than  the  first  bead. 

The  presence  of  rhythm  is  very  marked.  It  disappears  somewhat 
in  the  composite  curves,  but  it  is  very  striking  in  the  individual 
records.  There  seems  to  be  a  rhythm  of  fatigue  throughout  the 
whole  work.  There  are  exceptions  but  they  are  few.  Rhythm  has 
been  found  in  all  the  work  in  which  fatigue  comes  in  to  modify  the 
results.  The  following  record  of  a  single  experiment  shows  the 
phenomenon.  The  figures  indicate  the  number  of  millimeters  of 
overestimation  at  each  placing. 

It  runs  81,  75,  42  (which  is  exceptional  as  they  generally  rise  from 
the  beginning),  74,  104,  120,  54,  85,  87,  07,  119,  falls  to  102,  but 
rises  immediately  to  134.  Some  parts  of  the  remainder  show  similar 
fluctuations  :  105,  100,  137,  138,  125,  129,  137,  144,  141,  115,  125,  150, 
146,  114,  164,  155,  150,  138,  186,  142,  159,  123,  172,  171,  133,  148, 
199.  This  fluctuation  reminds  us  of  Lombard's  experiments  on 
muscular  fatigue.1 

The  figures  in  Table  I  are  averages  for  experiments  extending  over 
a  whole  month.  Thus,  the  number  105  for  the  40th  experiment  is 
the  average  of  all  the  40th  experiments  for  the  month  of  May.  It 
becomes  necessary  to  know  how  the  individual  results  differ  from 
the  average.  This  knowledge  is  obtained  from  the  mean  variation. 
Each  individual  result  used  in  an  average  had  its  difference  from  that 
average  determined  ;  thus,  each  40th  experiment  during  May  was 
compared  with  105  and  the  difference  noted.  Then  these  differences 
were  averaged,  giving  the  mean  variation  ;  thus  a  mean  variation 
was  obtained  for  the  40th  experiment,  and  likewise  for  each  of  the 
others.     The  results  are  given  in  Table  II. 


1  Lombard,    The   effect  of  fatigue   on   voluntary   muscular  contractions,    Am.    Jour. 
Psych.,  1890  III  24. 


J.  M.  Moore, 


The  table  and  the  curve,  fig.  0,  show  the  same  fact  as  the  fatigue 
curve  itself,  although  not  so  marked.  The  curve  for  May  begins 
with  eight  and  rises  to  forty-one.  The  curve  for  June  begins  with 
sixteen  and  does  not  reach  higher  than  twenty-nine,  and  then  closes 
near  its  beginning.  In  the  fatigue  curve  for  May  there  is  a  much 
larger  increase  than  in  that  for  June.  A-  fatigue  increases  work 
becomes  more  irregular.  '1'his  will  he  found  also  in  the  results  of 
the  mental  and  muscular  work  which  will  be  described  later. 

Table  II. 

Mean  variation  in  binocular  estimate  of  depth. 

No.  ofexper. 1  2  3  4  5  6  7  8  9  10  11  12  13 

May 0  8  19  14  19  21  17  16  26  2t  16  25  22 

June 0  16  15  15  8  22  16  17  14  16  14  19  22 

MayandJime 0  13  17  16  12  12  17  17  20  23  15  22  27 

No.ofexper 14  15  16  17  18  19  20  21  22  23  24  25  26 

May 12  26  24  34  30  36  41  23  26  33  29  27  27 

June 12  20  16  15  13  13  19  19  16  19  15  19  13 

MayandJime 16  25  21  27  24  26  33  21  21  27  25  25  16 

No.ofexper 27  28  29  30  31  32  33  34  35  36  37  38  39  40 

May ...33  26  34  34  34  36  29  36  24  41  30  35  40  29 

June 22  23  29  18  19  20  18  29  24  23  22  19  19  17 

May  and  June 29  26  32  27  31  27  27  32  26  35  27  30  32  26 

What  is  the  source  of  this  irregularity?  By  an  electrical  stimulus 
it  might  be  proven  that  the  fatigue  was  central,  as  was  found  by 
Mosso1  in  muscular  fatigue.  Fatigue  in  the  physical  organism 
might  cause  an  extension  or  contraction  of  the  estimated  distance, 
but  it  could  not  explain  the  irregular  element.  This  must  be 
accounted  for  from  a  purely  psychical  standpoint.  The  will,  atten- 
tion, and  memory  were  involved  in  every  decision.  When  fatigue 
had  fully  begun,  it  required  considerable  effort  to  hold  the  attention 
on  the  position  of  the  beads  and  to  retain  in  mind  the  two  distances 
to  be  compared.  Often  it  became  impossible  to  remember  with 
clearness  the  firsl  distance,  and  unless  the  decision  was  made  imme- 
diately, only  two  dim  perceptions,  one  of  which  was  fast  escaping, 
were  present.  The  fatigue  evidently  affects  the  attention  and  thus 
cause<  this  irregularity. 

During  tin-  first  week  of  July  six   sets  of  experiments  were  made 


1  Mosso,  Ueber  die  Gtsetzt  miidung,  Du  Bois-Reymonds  Arch.  f.  Physiol.,  1890 

111. 
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to  determine  the  relation  which  memory  bears  to  the  results.  The 
subject  would  focus  on  the  first  bead,  then  the  second,  and  then 
wait  five  seconds,  and  again  focus  the  second,  and  then  the  third. 
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Fig.  9. 

The  result  is  seen  in  the  following  average  record  of  the  fatigue  : 
0,-  6,  13,  11,  7,  6,  13,  13,  20,  21,  21,  18,  28,  19,  60,  23,  39,  36,  57,  40, 
49,  38,  63,  53,  56,  54,  61,  58,  53,  42,  43,  62,  53,  63,  65,  57,  52,  50,  67, 
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59mm.  The  effect  is  found  in  the  greater  irregularity.  As  in  the 
preceding  case,  the  increase  is  prqduced  but  according  to  no  law. 
About  the  same  result  was  found  when  the  time  was  extended  to 
ten  records. 

Why  should  this  exhaustion  come  so  early?  Why  should  a 
fatigue  of  52mm  appear  in  the  twentieth  placing  while  in  the  regular 
work  it  was  not  reached  before  the  fortieth?  The  explanation  is 
perhaps  as  follows.  When  the  subject  raised  the  tirst  bead  and 
then  the  second,  he  formed  a  mental  picture  of  the  distance.  He 
waited  live  seconds  and  raised  the  third  bead.  Now,  two  positions 
are  held  in  memory  and  the  third  is  before  him.  The  two  memory- 
positions  will  approach  each  other  as  the  time  passes,  and  the  second 
brad  will  appear  nearer  than  it  did  when  it  was  focused.  The  sub- 
ject is  not  conscious  of  this  mental  operation.  So  he  pushes  the 
second  bead  farther  from  him  than  he  would  have  done  had  no  time 
elapsed.  The  first  placing  shows  this  phenomenon.  As  fatigue 
comes  on,  our  memory  images  grow  dim  much  faster  and  conse- 
quently we  increase  the  distance  very  rapidly.  Fatigue  has  the 
same  effect  on  memory  distance  as  the  passing  of  time.  Why 
exhaustion  comes  so  early  will  be  spoken  of  later. 

Observer  B. 

This  observer  was  a  college  student.  A  large  number  of  trial 
experiments  was  made  before  his  records  assumed  a  regular  form. 
His  irregularity  was  due  to  his  manner  of  focusing.  His  first  efforts 
were  made,  as  he  said,  in  trying  to  find  the  middle  point,  and  as  a 
result  he  invalidated  his  work  by  following  several  different  methods. 
Finally,  after  much  insisting  that  he  locate  each  bead  mentally  by 
looking  at  it  and  at  nothing  else,  his  curves  began  to  take  a  more 
regular  form.  However,  his  mean  variation  continued  large.  This 
seem-  to  indicate  an  inferior  accuracy  in  judging  depth  by  binocular 
movements.  The  large  mean  variation  doubtless  covered  in  the 
record  much  of  the  misplacement  that  was  due  to  fatigue. 

Out  of  his  numerous  records  twenty  consecutive  ones  were  selected. 
In  every  case  the  second  bead  was  placed  nearer  the  third  bead  than 
the  first.  The  averages  of  the  twenty  fatigue  sets  mad<  as  in  pre- 
ceding work  is  as  follows  :  0,  3,  7,  2,  II,  6,  18,  17,  15,  22,  29,  30,  25, 
27,  29,  31,  31,  24,  32,  33,  3  I.  33,  33,  32,  32,  45,  31,  26,  25,  2!),  31,  27, 
•'if>,  28,  34,  26,  33,  31,  29,  34,  27.  As  in  the  previous  case,  each  num- 
ber  represents  the  amount  of  retreat  of  the  bead  in  the   successive 
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experiments  beyond  its  place  at  the  first  experiment.     The  curve   of 
results  is  shown  in  fig.  10. 

His  fatigue  curve  does  not  reach  the  height  of  that  for  Observer 
A,  although  he  testifies  to  fatigue  in  these  notes:  "eyes  ache;" 
"  eyes  feel  tired  ; "  "  extremely  tired,  eyes  worn  out ;  "  "  eyes  felt 
heavy  and  tired  ;  it  was  hard  to  focus  them."  The  only  explanation 
of  the  difference  in  the  records  seems  to  be  that  the  average  of  the 
first  records  in  all  the  experiments  on  Observer  A  is  72,  while  the  aver- 
age of  his  is  175,  which  is  near  A's  fatigue  limit.     His  fatigue  range 
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Fig.  10. 

could  not  extend  so  far  without  brinjjinsr  the  second  bead  near  the 
third.  Fatigue  would  not  produce  so  great  a  change  within  that 
small  space.  With  a  longer  distance  the  curves  would  be  likely  to 
come  nearer  each  other. 

B's  greatest  fatigue  was  generally  reached  several  experiments 
before  the  set  closed.  In  the  average  curve  the  highest  point  is  at 
the  twenty-fifth  experiment.  This  is  true  of  the  majority  of  the 
individual  curves.  At  this  point  he  would  generally  complain  of 
beincr  "unable  to  go  much  further."  He  would  soon  feel  better  and 
his  record  would  show  a  less  distance  from  the  center  than  in  the 
immediately  preceding  experiment. 

Fluctuations  were  present  as  in  the  case  of  Observer  A. 

Practice  had  approached  its  maximum  influence  before  his  records 
were  ended.  The  time  required  to  place  the  bead  was  much  longer 
than  for  other  observers.  It  required  twenty  minutes  for  A  to  make 
the  set  of  forty,  while  it  required  thirty  minutes  for  B.     He  was 
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slow  in  decision  and  would  often  focus  twice  or  more  without 
moving  the  heads.  This  extra  focusing  may  account  for  the  fact  of 
his  reaching  a  maximum  fatigue  so  early  as  the  25  experiment. 

The  mean  variations  tor  his  fatigue  curves  show  a  slitrht  increase 
for  successive  dates.  His  irregularity  in  the  individual  records  was 
much  greater  than  that  of  the  preceding  observer. 

Discussion. 

What  was  the  condition  of  the  e}res  while  one  bead  was  being 
lowered  and  the  other  raised  ?  Did  they  hold  their  convergence  or 
did  they  assume  a  parallel?  To  determine  this,  a  fourth  bead  was 
set  up  just  one  meter  from  the  third.  The  tiist  bead  was  raised, 
noticed,  and  then  dropped.  The  eyes  were  then  focused  on  the 
fourth.  The  second  was  raised  and  dropped,  and  the  eyes  were 
again  focused  on  the  fourth.  After  the  same  action  with  the  third, 
the  judgment  was  made  as  to  whether  or  not  the  second  bead  was  in 
the  middle.  At  the  twentieth  experiment  the  eyes  were  exhausted, 
while  they  wei'e  accustomed  to  forty  experiments  with  the  three 
beads.  The  attention  was  so  distracted  that  it  was  difficult  to  place 
the  second  bead.  The  time  required  for  focusing  was  largely 
increased.  The  same  results  were  found  when  a  mark  on  a  distant 
wall  was  used  instead  of  the  fourth  bead.  The  observations  show 
that  the  eyes  rarely  assume  a  definite  intentional  position,  but  rather 
an  easy  position  from  which  the  next  converging  can  be  done  with 
the  least  difficulty.      This  position  is  presumably  a  parallel  one. 

In  making  these  experiments  by  putting  up  a  fourth  bead  to 
determine  whether  or  not  the  eyes  remained  converged  between  the 
focusing-,  the  attention  was  greatly  distracted.  So,  to  find  the  effect 
that  the  fatigue  of  attention  had  on  the  estimate  of  distance,  this 
head,  marked  by  the  letter  D,  was  placed  at  a  distance  of  one  meter 
from  the  third  and  in  the  same  line  of  vision.  Ten  sets  of  experi- 
ments were  made  as  just  described,  the  average  of  whose  fatigue  sets 
is  as  follows  :  0,  0,-2,  7,  13,  13,  16,24,  22,  20,  30,44,32,33,50,47,52, 
54,  GO,  54.  The  highest  effect  of  fatigue  is  GO""",  which  is  about  the 
same  as  that  found  in  the  regular  sets.  But  this  is  the  result,  of  only 
twenty  placings,  the  regular  sets  containing  forty.  The  time  required 
to  make  these  twenty  experiments  was  eighteen  minutes  while 
the  time  of  the  forty  was  only  twenty.  In  these  the  firmest  attention 
was  absolutely  necessary  to  judge  the  distance  and  hold  in  mind  the 
position  of  the  head-.  When  the  first  was  focused,  then  the  fourth, 
the  second,  then  the  fourth  again,  the  distance  from  the  first  to  the 
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second  was  forgotten  unless  the  memory  was  kept  riveted  on  the 
various  positions.  The  fourth  greatly  interfered  by  distracting  the 
attention.  As  fatigue  entered,  the  work  grew  more  difficult,  the 
attention  was  more  easily  distracted,  and  as  a  result  the  variation 
became  much  larger  in  the  individual  experiments.  The  muscles  of 
convergence  could  not  have  been  very  much  more  fatigued  by  extra 
fixation.  The  additional  fatigue  must  have  been  due  to  the  strain 
on  the  attention. 

Comparison  with  atmospheric  changes. 

As  the  season  was  early  summer,  the  windows  were  generally  open 
and  the  conditions  within  the  room  were  about  the  same  as  without. 
The  observer  at  the  United  States  Weather  Station,  which  is  about 
300  meters  from  the  laboratory,  furnished  me  with  the  temperature, 
humidity  and  barometer  markings.  These  fairly  represented  the 
conditions  of  the  room  used. 

In  Table  III  the  fatigue  column  was  found  by  subtracting  the 
average  of  the  first  five  of  each  set  from  the  average  of  the  last  five. 
This  was  done  for  each  experiment  for  the  days  in  May  and  June  and 
the  results  were  placed  in  the  order  in  which  the  experiments  were 
made.  The  temperature  and  barometer  readings  were  taken  every 
hour.  The  humidity  at  the  Station  was  registered  only  at  8  a.  m, 
and  8  r.  m.  and  so  it  was  necessary  to  interpolate  for  the  hour 
required.  The  humidity  may  not  be  correct,  as  it  does  not  follow 
arithmetical  rules. 

By  comparing  the  fatigue  column  of  Table  III  with  the  columns 
representing  the  temperature,  humidity,  and  barometer  markings,  it 
is  at  once  seen  that  the  fatigue  was  not  controled  by  any  one  of 
these  atmospheric  conditions.  On  the  first  day,  when  the  amount  of 
the  fatigue  was  the  greatest,  the  barometer  was  exceedinarlv  high. 
The  second  greatest  fatigue  has  the  second  highest  barometer.  The 
second  day  shows  an  increase  in  temperature  (but  the  temperature 
at  that  point  would  not  be  depressive),  a  slight  decrease  of  humidity 
and  a  decided  decrease  in  the  pressure,  while  the  fatigue  is  greatly 
reduced.  On  the  third,  the  humidity  and  pressure  decrease,  the 
temperature  increases  and  the  fatigue  increases.  The  first  two  are 
not  sufficiently  high  to  produce  any  evil  effects,  while  a  temperature 
of  84°  so  early  in  the  summer  in  a  northern  climate  will  prove 
depressing.  Throughout  the  experiments  the  law  seems  to  hold 
true,  that  when  temperature,  humidity  and  atmospheric  pressure  are 
6 
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free  to  act,  the  fatigue  is  accelerated  or  retarded  by  the  combined 
increase  of  any  two  of  the  three  influences.  But  a  large  increase  of 
temperature  with  a  small  decrease  of  humidity  and  pressure  will 
increase  the  fatigue.     Fatigue  will  be  increased  by  a  heavy  increase 

Table  III. 
nparison  of  fatigue  with  atmospheric  conditions. 
Fatigue.  Temperature.  Humidity.      Barometer  in  inches. 
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of  any  one  of  these  against  a  small  decrease  of  the  other  two.  Also 
a  large  decrease  of  one  will  decrease  fatigue  against  a  small  increase 
of  the  other  two.  If  the  subject  were  put  into  a  room  where  two  of 
these  influences  could  be  kept  constant  while  the  other  could  be 
varied,  it  would  probably  be  found  that  an  increase  of  temperature, 
humidity  or  pressure  would  tend  to  increase  the  amount  of  fatigue, 
provided,  of  course,  the  experiments  were  begun  at  what  might  be 
termed  the  normal  point  of  each. 

Effect  of  fatigue  os  monocular  estimate  of  depth. 

Perspective  vision  with  one  eye  is  generally  imperfect,  obscure 
and  inaccurate.  It  has  been  held  that  the  sensations  of  accommoda- 
tion are  not  sufficient  for  any  estimate  of  the  depth  of  objects  with 
one  eye.1     In  the  experiments  here  described  all  secondary  helps  were 


1Hilleeraxd.  Das   Verhaltni&S  von  Accommodation  u.  Konvergenz  zur  Tiefenlokalisa- 
Hon.,  Zt.  Psych.  Phys.  Sinn.,  1890  VII  97. 
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eliminated  as  far  as  possible  in  order  to  cause  the  judgments  to  be 
made  from  the  sensations  of  accommodation.  The  same  apparatus 
was  used  that  was  used  for  determining  with  both  eyes  the  effect  of 
fatigue  on  the  estimate  of  depth.  The  slot  through  which  the 
observer  looked  was  reduced  to  3cm  in  length,  so  as  to  permit  the  use 
of  only  one  eye,  the  left,  and  to  hold  that  in  the  same  line  of  vision. 


/•a  tt'quc  -Ctror 
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Fig.  11. 

The  other  eye  was  not  closed  but  left  free.  As  it  was  within  3cm  of 
the  black  shield  there  was  nothing  on  which  to  focus  and  the  atten- 
tion was  given  entirely  to  the  seeing  eye. 

The  experiments  were  made  upon  myself  and  Observer  B  during 
the  month  of  July.  At  first  there  was  great  difficulty  in  accommo- 
dating or  focusing.     The  beads  would  not  become  clear  and  sharp  at 
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oner.  Several  sets  were  made  before  the  judgments  could  be  relied 
on.  The  first  record  and  the  average  of  the  first  five  records  in  each 
are  given  in  Table  I V. 

The  results  show  an  increasing  tendency  toward  placing  the 
middle  bead  beyond  the  middle.  This  is  similar  to  the  result  for 
binocular  vision  and  for  nearly  all  fatigue  sets. 

The  averages  for  fifteen  fatigue  sets  taken  on  three  observers  are 
shown  in  Table  V,  the  fatigue  set  being  formed,  as  before,  by  sub- 
tracting the  iirst  record  from  each  of  1  lie  following  ones. 

The  form  of  the  curves  in  fig.  12  is  not  very  unlike  that  found 
when  both   eves  were   used.     The    greatest    increase  over  the  first 

Table  IV. 

•ige  of  first  fi'  monocular  esh 

No.  of  set 1       2         3       4         5         6         7         8         9       10       11       12       13       14       15 

Observer  A,    )    62     72      f)0     47       so       26       46       73     137       83     135       72       68     114     123 
first  record  \ 

Observer  A.    )    gi     81       (;3     57       %       39       60       7g     133       g2     12s       93       63       96     115 

first  tire       ) 
Observer  B  ,     )      2      5     122     53     1()7     n2     12-     ]5Q     135     137     136     m     205     m 

first  record  ) 

B'     i    37      19       93     64       94       92      146     142        89     212      153     175     207      183 
five       ) 

experiment  comes  within  the  first  twenty  experiments.  The  curve 
after  that  time  takes  more  nearly  the  parabolic  form  corresponding 
to  that  pointed  out  in  the  preceding  section. 

The  mean  variation  of  the  individual  results  from  the  general 
result  is  somewhat  larger  than  that  in  binocular  work.  The  effect  of 
fatigue  on  the  variation  is  not  quite  so  marked,  yet  there  is  a  larger 
variation  toward  the  close  than  at  the  beginning.  Fatigue  affects 
the  accuracy  of  the  judgment.  In  the  individual  experiments  the 
variation  from  one  to  the  other  is  very  much  greater  than  that  in 
the  estimation  with  Loth  eyes. 

From  the  fifteen  sets  of  Observer  A,  whose  average  has  been  given 
in  Table  V,  the  following  sample  record  is  given  to  show  the  indi- 
vidual peculiarities.  It  runs  as  follows:  26,  44,  46,  20,  59,  72,  78, 
7  7,  119,  49,  54,  88,  39,  44,  56,  62,  92,  60,  110,  98,  54,  72,  132,  80,  104, 
105,  88,  92,  78,  125,  80,  120,  146,  360,  126,  88,  131,  128,  141,  160. 
This  is  a  fair  representative  of  the  series.  The  amount  of  variation 
from  one  to  another  is  easily  seen.  The  dropping  from  119  to  49 
was  due  likely  to  a  mistaken  judgment  in  the  former.  Such  irregu- 
larity is  to  be  expected  much  more  than   the  wave  motion,  which  is 
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to  a  large  extent  apparent.  A  gradual  increase  or  continued  varia- 
tion would  be  more  easily  explained  than  the  rhythm  which  nature 
seems  to  introduce.  No  cause  for  this  phenomenon  can  be  ascribed 
to  any  known  external  conditions.  Some  of  the  notes  made  were  : 
"can  scarcely  see,"  this  was  when  looking  at  objects  after  the 
experiment  ;  "  toward  the  last,  the  objects  grew  too  dim,"  the 
power  of  convergence  was  greatly  decreased  ;  "  focusing  not  clear, 
especially  toward  the  last ;  "  "  hard  to  focus  toward  the  last."  As 
regards  the  right  eye,  which  was  not  used,  these  notes  were  made  : 

Table  V. 

Fatigue  in  monocular  estimate  of  depth. 

Number  of  exper 1  2         ::         4  5  6  7  8  9  10 

Observer  A 0  -2         8       12  9  9  21  27  29  20 

Observer  B 0  1-2—7  -4  10  -20  1  12  13 

Observer  C -  0  9       19       26  36  44  51  43  52  54 

Number  of  exper. 11  12  13  14  15  16  17  18  19  20 

Observer  A 36  33  30  40  34  40  39  48  45  41 

Observer  B -10  5  14  2  15  9  11  —3  -4  —3 

Observer  C 65  63  79  70  69  66  74  64  61  71 

Number  of  exper 21  22  23  24  25  26  27  28  29  30 

Observer  A 50  62  54  53  55  54  59  60  48  65 

Observer  B -17  8  1  7  21  19  14  5  1  22 

Observer  C 69  67  71  76  85  61  75  76  80  80 

Number  of  exper 31  32       33       34  35  36  37  38       39  40 

Observer  A 52  50       66       59  57  53  71  67       67  70 

Observer  B +7  14—1-1  4  6  23  II  —12 

Observer  C 91  74       75       81  87  92  89  83       99  89 

Number  of  exper 41         42       43       44         45       46         47         48       49  50 

Observer  C 103       104       82       89         92     103       106       107       98         104 

The  numbers  are  positive  unless  otherwise  designated. 

"  right  eye  pained  as  much  as  the  left ;  "  "  right  eye  fejt  worse  till 
I  got  up,  and  then  the  left  pained  me  very  much."  There  is  little 
doubt  that  [the  unused  eye  was  accommodating  and  focusing  with 
the  seeing  eye.  It  might  be  claimed  that  much  assistance  may  have 
been  received  from  its  sensations  of  convergence.  As  its  focus 
depended  on  the  seeing  eye,  it  is  not  clear  how  it  could  give  any  aid, 
although  the  claim  that  work  with  one  eye  is  in  reality  nothing 
more  nor  less  than  work  with  both  eyes  is  undoubtedly  correct. 
The  facts  noted  in  this  paragraph  all  refer  to  Observer  A. 

Table  V  also  shows  the  relations   of  fifteen  fatigue   sets  taken 
upon  Observer  B.     The  result  is  very  different  from  that  just  pre- 
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sented.  No  law  of  fatigue  can  be  discovered.  The  reason  for  this 
can  be  found  by  examining  the  individual  record.  One  of  them 
begins  with  107  but  falls  to  81,  then  to  54.  Then  it  rises  and  falls 
again.     The    second    twenty  minutes    show   a   slight    increase    but 
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Fig.  12. 


according  to  no  law.  This  irregularity  is  found  in  all  the  fifteen 
The  averages  apparently  represent  this  observer  as  very 
accurate  and  unfatigued,  but  the  enormous  variations  in  the  records 
show  that  this  was  simply  due  to  counterbalancing  errors  in  both 
directions.     This  was  accounted  for  when  the  operator  acknowledged 
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his  inability  to  get  a  clear  focus.  He  could  not  properly  estimate 
depth  with  one  eye. 

To  determine  further  the  effect  of  fatigue  on  monocular  estima- 
tion of  depth,  experiments  were  made  on  TV.  H.  L.,  a  young  man 
who  had  lost  his  right  eye.  A  few  months  after  the  removal  of  the 
eyeball,  the  wounds  healed  and  his  left  eye  became  serviceable. 
At  first  he  had  great  trouble  in  seeing  objects  near  him.  He  could 
not  fix  his  eye  for  the  near  objects.  He  could  not  estimate  the 
distance  from  one  object  to  another  behind  it.  In  looking  from  the 
third  story  of  a  building  in  which  he  was  working  the  curb-stone 
seemed  to  be  level  with  the  street.  This  changed  after  a  few 
months  and  he  is  now  able  to  determine  depth,  according  to  his 
statement,  almost  as  accurately  as  before  he  lost  his  eye. 

He  was  free  for  experiment  only  at  seven  o'clock  in  the  morning 
and  at  eight  o'clock  in  the  evening.  After  a  few  trials  to  acquaint 
himself  with  the  use  of  the  apparatus  and  to  learn  the  exact  nature 
of  the  experiment,  he  made  seven  records.  From  these  the  fatigue 
sets  were  formed  whose  averages  are  shown  in  Table  V,  Observer  C. 

The  rhythmical  movement  is  very  manifest  in  all  his  records. 
With  him  fatigue  increases  the  estimate  of  the  distance  between 
two  objects  lying  in  the  same  line  of  vision.  The  increase  is  not  so 
rapid  in  the  last  as  in  the  first  part  of  the  experiment.  These  con- 
clusions agree  with  those  obtained  from  the  binocular  work. 

The  accuracy  of  decision  of  this  observer  was  somewhat  surprising. 
Sometimes  I  manipulated  the  apparatus  and  moved  it  as  he  ordered. 
He  could  easily  detect  the  "  too  far  "  or  "  too  near  "  when  the  bead 
was  moved  more  or  less  than  he  desired.  His  judgments  were  made 
entirely  from  what  he  saw  and  not  from  the  noise  of  the  slide  or  the 
amount  of  cord  used. 

The  results  here  recorded  conclusively  show  that  fatigue  of  accom- 
modation has  an  influence  on  localization  in  depth.  If  the  conclu- 
sions of  Hillebrand  concerning  the  total  failure  of  accommodation 
to  aid  a  judgment  of  depth  are  to  be  accepted,  as  they  apparently 
must  be,  it  is  very  difficult  to  see  any  possible  explanation  for  the 
fact  that  fatigue  of  accommodation  influences  such  judgments. 

Effect  of  fatigue  on  the  time  of  monocular  accommodation. 

In  the  Studies  for  1893  Seashore1  gives  the  result  of  researches 
made  on  monocular  accommodation-time.     On  page  69  he  says  :  "  In 

1  Seashore,  On  monocular  accommodation-time,  Stud.  Yale  Psych.  Lab.,  1892-93 
I  56. 
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ird  to  fatigue,  however,  my  results  are  contrary  to  the  usuaJ 
supposition.  Experiments  of  some  300  accommodations  in  one  con- 
tinuous set  do  not  support  thai  theory  [increase  of  time].  Fatigue 
soon  sets  in  and  may  become  very  painful,  but  as  long  as  the  eye 
ran  accommodate  clearly  it  causes  a  fluctuation  in  time  which  tends 
more  to  accelerate  than  to  retard  the  velocity  of  accommodation." 
The  researches  which  I  had  carried  out  seemed  to  show  the  opposite 
result  and  in  conjunction  with  Mr.  Seashore  the  experiments  were 
repeated. 

Apparatus. 

The  apparatus  was  virtually  that  used  by  Seashore  with,  perhaps, 
some  improvement.  As  my  experiment  was  to  determine  the  effect 
of  fatigue,  only  one  mode  of  accommodating  was  used,  that  from  far 
to  near. 

The  distance  remained  the  same.  From  the  far  object  to  the  near 
object  the  distance  was  825cm  while  from  the  near  object  to  the  eye 
it  was  23cm.  The  far  object  was  a  large  capital  E  with  a  height  of 
25mm  and  the  near  object  was  a  small  capital  e  with  a  height  of  7mm 
fastened  on  the  slide  of  the  camera  shutter.  The  far  point  remained 
stationary  while  the  nearer  was  presented  or  removed  by  a  sudden 
movement  of  the  shutter.  A  brass  tube  extended  from  the  eye  to 
the  shutter.  When  the  slide  was  up,  the  eye  could  see  nothing 
except  the  large  letter  on  the  white  back-ground.  When  the  slide 
was  down  only  the  small  letter  could  be  seen.  When  the  shutter 
fell,  an  attached  copper  wire  made  an  electrical  contact  with  a  wire 
carrying  a  current  through  the  spark  coil  to  the  battery.  The  other 
wire  extended  from  the  shutter  through  a  closed  circuit  reaction-key, 
by  mean-  of  which  the  current  could  be  interrupted.  The  other 
arrangements    tor  recording  were  similar  to  those  used  by  Bliss.1 

The  slide  was  raised  and  the  observer  focused  on  the  far  object. 
The  experimenter  touched  a  key  which  was  electrically  connected 
with  a  sounder  in  the  recording  room.  The  recorder  pushed  down 
a  key  which  closed  the  primary  circuit.  The  experimenter  now 
snapped  the  slide  ;  this  made  a  dot  on  the  smoked  paper  and  then 
closed  the  circuit.  As  soon  as  the  observer  saw  the  small  e  clearly 
and  distinctly,  he  broke  the  circuit  by  the  reaction-key,  thus  making 

'Bliss.    /  eaction-time    and   attention,    Stud.   Yale   Psych.    Lab.r 

1892-93  I  1  (7). 
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another  dot  on  the  smoked  paper.  When  the  recorder  saw  the  two 
sparks,  he  raised  the  key  and  kept  out  all  further  sparks  until  the 
fifth  repetition  of  the  experiment  in  quick  succession.  A  record 
was  thus  made  of  the  time  of  every  fifth  experiment.  The  wave 
lengths  between  the  two  dots  could  easily  be  counted  and  the  time 
of  accommodation  obtained.  This  time  included  the  subject's  reg- 
ular reaction-time. 

The  observer  was  asked  to  use  his  stronger  eye.  The  other  eye 
was  kept  closed  by  the  hand  or  by  a  bandage,  as  he  might  choose. 

He  sat  with  his  back  to  a  window  which  admitted  excellent  light 
on  the  nearer  e.  The  large  E  was  illuminated  by  reflected  light 
from  a  window  in  an  adjoining  room.  Only  those  persons  were 
used  who  were  accustomed  to  being  experimented  upon.  Only  a 
few  records  were  counted  before  all  the  experiments  were  completed; 
thus  no  suggestion  of  the  result  could  enter  as  a  prejudice.  Of 
the  six  persons  taken,  two  had  according  to  their  own  previous  state- 
ments very  healthy  eyes,  two  the  average,  and  two  below  the  average  ; 
I  thus  made  sure  that  no  diseased  eye  was  used.  All  were  faithful 
observers. 

Five  sets  of  records  in  hundredths  of  a  second  were  made  on  Mr. 
Seashore  and  myself  ;  the  averages  are  shown  in  Table  VI.  In 
order  to  compare  my  results  with  those  taken  in  1893  by  Mr.  Sea- 
shore, every  tenth  experiment  was  recorded  in  my  case. 

The  average  duration  of  a  set  of  experiments  was  twenty-seven 
minutes.  Each  set  contained  300  accommodations  or  more.  On 
account  of  the  shortness  of  the  drum  only  70  accommodations  could 
be  recorded  ;  this  was  the  original  reason  for  recording  every  fifth 
result. 

In  the  experiments  on  Mr.  Seashore  the  time  is  decreased  for  the 
first  four  records  ;  this  may  be  due  to  the  fact  that  attention  increases 
during  that  period.  The  curve  then  continues  to  rise  till  the 
thirty-fifth  is  reached.  From  there  to  the  close  very  little  increase 
is  perceptible.  This  phenomenon  is  in  perfect  accord  with  the 
results  previously  spoken  of.  The  experiment  closed  before  the 
work  became  painful. 

One  of  the  persons  experimented  upon  by  Seashore  in  1893  was 
myself.  My  record  was  the  most  nearly  complete  which  he  obtained. 
It  was  made  May  4,  1893.  Each  tenth  accommodation  was  recorded. 
Table  VI  shows  the  record  complete.  A  slight  increase  is  evident. 
Fatigue  had  not  manifested  itself  in  any  painful  sensations.  The 
note  made  then  I  copy  here  entire,  "  I  found  no  trouble  in  seeing 


90  J.  M.  Moore, 

tin1  object  ;u  any  time.  I  held  my  right  eye  closed  by  its  own  lid 
muscles.  When  I  loft  the  chair  and  looked  at  the  objects  in  the 
room,  the  eye  could  not  accommodate  so  easily  as  usual,  although  I 
felt  little  fatigue  while  at  the  tube.  The  temperature  of  the  seeing 
eye  was  higher  than  that  of  the  other.  At  one  time  I  felt  a  little 
pain  in  the  upper  part  of  the  eye  but  my  attention  was  called  to 
something  else  and  I  fell   the  pain  no  more.     When  I  quit  reacting, 


No.  of  exper. 1  6       11 

Seashore 35  34       32 

Moore,  1893 36  35 

Moore,  1894 30  31 

No.  of  exper 61  66       71 

Seashore 41  49       44 

Moore,  1893 37  35 

Moore,  1894 33 

No.ofexper 121  126     131 

Seashore 54  63       70 

Moore,  1893 46  34 

Moore,  1894 48  58 

No.  of  exper. 181  186     191 

Seashore 58  54       61 

Moore,  1893 54  45 

Moore,  1894 70  65 

No.ofexper. 241  246    251 

Seashore 58  51       55 

Moore,  1893 34  31 

Moore,  1894 64  53 

No.ofexper. 301 

Moore,  1893 43 

I  thought  I  could  have  gone  on  much  longer,  but  I  found  that  for 
twelve  minutes  my  eye  felt  the  fatigue,  and  at  times  a  slight  pain,  or 
at  least  uneasiness,  was  perceptible  in  a  part  of  the  eye." 

From  these  it  is  easily  seen  that  fatigue  had  not  appeared  to  any 
greal  extent.  Od  Aug.  8,  1894,  other  experiments  were  made  similar 
to  the  former  ones.  My  physical  condition  was  not  so  good  as 
when  the  first  was  taken.  Each  tenth  accommodation  was  recorded. 
I  was  unable  to  go  beyond  the  261st  experiment  because  of  severe 
pain  in  the  eye.  Table  VI.  gives  this  record  also.  The  record 
begin-  with  0.30'  and  closes  with  about  0.61s.  The  time  is  doubled. 
Fatigue  had  thus  greatly  increased  the  time. 
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The  three  results  are  shown  in  fig.  13. 

Other  experiments,  not  included  in  the  table,  were  made  in  which 
every  fifth  accommodation  was  recorded.  They  begin  with  about 
0.408  and  close  with  about  0.85s.  These  records  show  only  about  240 
accommodations  in  a  set,  as  the  eyes  had  been  weakened  by  other 
work.  The  farther  object  would  become  indistinct,  or  pains  would 
give  warning  to  close.  The  experiments  on  myself  show  conclu- 
sively that  fatigue  does  increase  the  time  of  accommodation. 
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Fig.  13. 


Numerous  records  taken  on  four  other  persons  show,  without 
exception,  a  large  increase  in  the  time  as  fatigue  progressed.  This 
fact  can  be  considered  as  definitely  established,  Seashore's  state- 
ment to  the  contrary  being  founded  on  experiments  that  did  not 
continue  long  enough.  His  method  was  also  less  fatiguing  because 
he  allowed  more  time  between  each  accommodation. 

Since  only  every  fifth  accommodation  was  recorded,  the  rhythmical 
movement  which  was  so  prominent  in  the  previous  work  does  not 
appear  so  plainly  in  this.  The  records  in  this  seem  to  be  much  more 
irregular  than  in  the  preceding  work.  Mr.  Seashore,  however,  made 
this  note  among  other  introspective  observations.  "  There  seemed 
to  be  a  rhythmic  fluctuation  of  the  time  and  effort  it  took  to  accom- 
modate clearly."  This  introspective  observation  is  corroborated  by 
that  of  another  observer.  Could  the  experiments  have  been  recorded 
singly  it  is  highly  probable  that  the  rhythmic  fluctuations  would 
have  been  fully  as  prominent  as  in  any  other  work.  If  the  rhythm 
is  due  to  attention  there  is  no  reason  why  it  should  not  appear. 
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Effect     of    fatigue    ok     dhe     maximum    rate    of    voluntary 

MOVEM  i:\  I. 

Dbesslab1  found  that  the  time  of  making  300  taps  varies  with 
the  mental  and  physical  condition  of  tin-  individual,  and  that  fatigue 
caused  a  decrease  in  rapidity  when  the  experiment  was  extended 
beyond.  300  taps.  Bliss8,  with  superior  methods,  showed  the  effect 
of  changes  in  the  state  of  attention  upon  the  rapidity  of  making 
tapSj  and  proved  that  fatigue  caused  a  decrease  in  the  rate  soon  after 
100  tai 

In  the  following  experiments  the  methods  were  still  further 
improved.  The  subject  was  seated  in  an  isolated  room  which 
admitted  neither  light  nor  sound  excepl  when  desired.  There  was  a 
table  of  convenient  height  on  which  to  rest  the  arm.  The  arm  was 
-trapped  firmly  to  a  block  of  wood  reaching  beyond  the  elbow. 
The  end  of  the  block  was  so  cut  and  shaped  as  to  fit  the  palm  of  the 
hand,  and  thus  to  let  the  hand  grasp  it  without  any  inconvenience. 
No  pari  was  free  to  move  except  the  index  finger.  A  rod  clamped 
to  the  table  acted  as  support  for  a  reaction-key  previously  described.* 
This  key  was  fastened  upside  down  by  the  clamp.  The  primary 
circuit  for  the  spark  coil  passed  to  the  binding  post  at  the  bottom  of 
the  key  and  to  the  movable  slide.  A  spark  was  thus  made  at  every 
upward  movement  of  the  slide.  The  registering  was  done  on  the 
drum  by  sparks  directly  on  the  time-curve  written  by  a  marker  con- 
ic .Ted  with  the  100  v.  d.  electric  fork.  With  the  key  thus  connected 
the  circuit  was  closed  when  the  finger  was  in  a  partially  bent  or 
natural  position.  The  adjustable  slide  was  set  so  as  to  give  an 
excursion  of  5mm.  The  record  was  made  when  the  finger  began  an 
extensor  movement. 

The  subject  was  to  begin  when  warned  by  a  click  from  the  sounder 
at  hi-  side  and  to  continue  to  tap  as  rapidly  as  possible  until  his 
finger  could  move  no  more,  or  until  told  to  stop.  The  finger  was 
never  completely  fatigued  because  sufficient  records  could  not  be 
gotten  upon  the  drum.  I  once  made  480  taps  but  am  quite  sure  that 
I  aid  not  have  made  100  taps  more  at  the  close  of  any  record,  for 
it  was  always  with  great  difficulty  that  the  last  50  or  75  were  made. 


1  DRESsr.Ai;.     -  hick  affect     the    rapidity   of  voluntary   movements, 

Am.  Jour.  Psych.,  1891  IV  514. 

*  B:  -  ■  "'     ition,  Stud.  Vale  Psych.  Lab.,  1892- 

1893  I  45-49. 

3  Scriptcke  and  Moo  be    .1  /   "»'/  the  time  of  voluntary  movement, 

Stud.  Yale  Psych.  Lab.  1 892-9:5  I  88. 
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The  usual  experience  was  as  follows  :  Pain  was  first  felt  in  the 
muscles  of  the  forearm,  then  in  the  upper  arm.  Suddenly  the  blood 
rushed  to  the  face  and  head,  and  the  temples  were  filled  with  sharp 
pains.  The  whole  right  side  (the  work  was  done  with  the  index 
finger  of  the  right  hand),  seemed  to  partake  of  the  trouble.  After 
the  experiment  was  completed,  the  arm  seemed  paralyzed.  I  could 
not  even  handle  the  record-sheet  with  safety.  The  arm,  especially 
the  forearm,  and  often  the  shoulder  would  feel  painful  for  a  half 
hour  afterward.  Restoration  was  not  complete  in  less  than  two 
hours  and  a  half. 

Three  records  were  made  on  myself.  The  individual  taps  of  each 
record  were  placed  in  successive  groups  of  10,  and  the  average  of 
each  group  was  calculated.  For  the  final  results  the  average  was 
taken  of  the  three  original  averages  for  each  group.  Such  a  con- 
densation of  results  was  necessary  because  the  3  records  gave  480  X 
3  =  1440  individual  records  whose  relative  values  could  not  well  be 
grasped,  and  also  because  the  changes  within  a  group  of  10 
were  so  small  that  the  course  of  the  fatigue  function  became  evident 
to  the  eye  only  when  the  unit  of  the  argument  was  made  larger  than 
a  single  tap. 

The  final  averages  in  my  own  case  expressed  in  thousandths  of  a 
second,  ran  as  follows :  200  195  192  194  198  198  208  221  229  221 
230  238  230  231  235  240  244  244  248  246  257  241  273  254  256 
248  240  240  246  243  249  263  255  301  290  276  275  277  321  320 
300    340   325    322    288    293    308    359. 

In  the  records  the  fatigue  is  manifested  by  the  time  the  seventieth 
tap  is  reached.  In  the  final  average  it  is  clearly  shown  at  the 
seventh  group,  which  includes  the  71st  to  80th  taps. 

A  professional  cornet  player,  who  had  not  played  for  a  year, 
showed  no  fatigue  before  150  taps  had  been  made.  A  woman  who 
played  on  the  piano,  showed  no  fatigue  until  200  taps  were  made. 
She  affirmed  that  she  felt  no  fatigue,  but  the  incipient  fatigue  had 
left  its  traces  in  the  records  beyond  the  200th  tap.  There  was  a 
very  slow  increase,  and  consequently  even  at  the  end  it  was  not  very 
large. 

In  my  record  the  rate  of  tapping  increases  for  the  first  three  groups 
of  ten.  Then  there  is  a  decrease  in  the  rate  for  the  next  six  groups. 
Then  it  increases  slightly,  and  then  decreases  again.  A  rhythm 
seems  to  manifest  itself.  It  is  seen  better  in  the  individual  records 
like  the  one  shown  in  fig.  14  than  in  the  general  one. 

A  summary  of  the  figures  of  the  experiment  made  Nov.  11,  1893, 


94  J.  J/.  Moore, 

10  a.  m..  is  given  in  Table  VII,  as  illustrating  the  process  of  fatigue. 
In  this  experiment  470  taps  were  recorded.  These  470  taps  were 
put  in  groups  of  ten  and  their  averages  taken.  By  comparing  these 
averages,  the  rate  of  tapping,  and  its  increase  or  decrease,  are  readily 
seen  throughout  the  series.  N  gives  the  number  of  the  set  of  ten 
n  eords. 

The  mean  variation  was  found  by  taking  the  average  of  the  indi- 
vidual deviations  from  the  average  of  its  own  group  of  ten.  This 
does  not  always  increase  steadily  with  increase  in  the  average  ;  but 
after  fatigue  has  become  very  prominent  the  variation  becomes  very 
large. 

Table  VII. 
N  Av.  Mv.  N  A  v.  Mv.  N  Av.  Mv. 


1 

193 

8 

17 

338 

13 

33 

304 

94 

2 

191 

9 

18 

239 

16 

34 

279 

67 

3 

179 

6 

19 

249 

12 

35 

322 

75 

4 

193 

12 

20 

246 

9 

36 

238 

12 

5 

191 

11 

21 

239 

15 

37 

231 

15 

6 

189 

12 

22 

238 

5 

38 

293 

72 

7 

197 

7 

23 

227 

12 

39 

288 

31 

8 

217 

25 

24 

250 

22 

40 

239 

13 

9 

210 

9 

25 

238 

13 

41 

302 

66 

10 

206 

16 

26 

245 

23 

42 

314 

69 

11 

222 

20 

27 

234 

12 

43 

336 

91 

12 

226 

9 

28 

233 

16 

44 

295 

33 

13 

228 

9 

29 

232 

11 

45 

277 

33 

14 

212 

21 

30 

221 

11 

46 

304 

56 

15 

230 

6 

31 

226 

16 

47 

406 

75 

16 

224 

12 

32 

232 

18 

My  tap-time  cannot  be  closely  compared  with  those  of  Bliss  and 
Dresslar,  who  simply  tapped  and  released  a  telegraph  key,  whereas 
I  moved  a  slide  5mm  and  back.  My  time  is  that  of  the  complete 
excursion,  the  time  up,  the  time  at  rest,  and  the  time  down  com- 
bined. 

The  results  of  this  record  on  myself  are  presented  in  fig.  14. 
The  fluctuating  nature  of  the  tapping  is  made  evident ;  quite  note- 
worthy are  the  extremely  long  taps  that  occur  with  increasing 
frequency  toward  the  end.  These  fluctuations  probably  bear  some 
relation  to  those  observed  by  Lombard'  when  weights  are  repeatedly 
lifted. 

1  Lombard.  The  effect  of  fatigue  on  voluntary  muscular  contractions.  Am.  Jour. 
Psych.,  1890  III  24. 

LOMBARD,  Effet  de  la  fatigue  sur  la  contraction  musculaire  voluntaire,  Archives 
italienne  de  biologie,  1890  XIII  371. 

Lombard,  Influences  which  affect  the  power  of  voluntary  muscular  contractions. 
Jour.  Physiology,  1892  XIII  1. 


Studies  of  fatigue. 


95 


The  records  thus  prove  that  fatigue  lengthens  the  time  required 
for  repeating  the  voluntary  movement  of  tapping  at  a  maximum 
rate,  that  the  increase  is  not  a  steady  but  a  fluctuating  one  and  that 
the  irregularity  in  the  repeated  movement  also  increases. 
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Fig.  14. 


General  conclusions. 


The  conclusions  for  each  kind  of  experiment  have  been  given  in  the 
appropriate  sections.  Here  I  wish  to  call  attention  to  the  two  gene- 
ral chararacteristics  of  fatigue,  namely,  an  avei-age  change  directly 
in  the  phenomenon  influenced  and  a  change  in  the  range  of  variation 
around  the  average.  The  average  change  might  be  called  the  coeffi- 
cient of  inaccuracy  and  the  mean  variation  the  coefficient  of  irregu- 
larity ;  then  the  law  can  be  stated  that  both  the  coefficient  of  inaccu- 
racy and  the  coefficient  of  irregularity  are  increased  by  fatigue.  It 
would  hardly  be  justifiable  to  give  a  more  precise  quantitative  form 
to  the  law  except  by  saying  that  the  increase  is  most  rapid  at  first, 
and  then  steadily  slower.  A  final  point  to  be  noticed  is  the  increas- 
ingly frequent  recurrence  of  extreme  results  as  fatigue  progresses. 


SOME    EXPERIMENTS    OX   THE   REACTION-TIME   OF   A 

DOG. 

BY 

Edward  M.  Weyer. 

The  psychological  aspect  of  reaction -time  may  be  presented  in  the 
following  manner.  When  I  am  the  person  experimented  upon,  the 
phenomenon  measured  under  reaction-time  includes  two  mental  pro- 
cesses, perception  and  volition  ;  when  I  measure  another  person's 
react  ion-time,  I  iufer,  from  analogy  with  my  own  organism,  that  the 
acts  of  perception  and  volition  occurred  in  him  also.  Likewise,  when 
the  experiment  is  arranged  so  as  to  involve  in  my  own  case  discrimi- 
nation and  choice,  I  assume  that  it  involves  similar  mental  processes 
in  other-. 

We  have  every  reason  to  believe  that  when  the  arrangements  for 
simple  and  complicated  reaction-times  are  applied  to  animals  such  as 
apes,  dogs,  etc.,  mental  processes  more  or  less  similar  to  our  own 
take  place.  It  seems  but  a  logical  inference  that  the  methods  of  experi- 
mental psychology  should  be  applied  to  the  study  of  animals  ;  suc- 
cess in  systematized  work  in  this  direction  ought  to  lead  to  a  science 
of  comparative  psychology  as  accurate  and  well  established  as  that 
of  comparative  anatomy. 

In  the  present  case  I  attempted  to  determine  the  simple  reaction- 
time  and  the  reaction-time  with  discrimination  and  choice  in  the  case 
of  a  dog.  The  first  problem  was  successfully  solved  ;  the  second 
only  partially. 

In  determining  the  simple  reaction-time  the  usual  spark  method 
was  employed.'  Pressing  down  the  multiple-key  sent  a  moderately 
strong  electrical  impulse  to  the  forefoot  of  the  dog  and  at  the  same 
time  made  a  spark  on  the  drum.  The  withdrawal  of  the  foot  pro- 
duced another  spark  by  means  of  a  lever  placed  upon  it. 

The  results  gave  :  average,  89CT  (CT=  0*001  sec.)  median,  86CT  ;  mean 
variation  for  a  single  experiment,  lO"7  ;  mean  variation  for  the  series 
of  21  experiments,  Aa. 

1  Bliss;  Investigations  in  reaction-time  and  attention,  Stud.  Yale  Psych.  Lab.,  1892— 
1893  I  7. 
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The  reaction  time  is  shorter  than  that  for  man.  Average  times  as 
short  as  \\\a  have  been  recorded1  for  a  shock  in  the  hand.  The  mean 
variation  is  about  that  of  the  average  untrained  person. 

The  attempt  to  add  the  processes  of  discrimination  and  choice  met 
with  serious  difficulties  in  the  way  of  methods  and  apparatus. 

The  first  difficulty  lay  in  a  method  of  getting  the  dog  to  discrimi- 
nate between  two  objects.  Complete  success  was  found  in  the  use 
of  two  telephones  on  the  floor,  at  about  a  meter  ajjart,  either  one  of 
them  being  clicked  by  an  electric  current.  Through  the  incitement 
of  a  piece  of  meat  for  a  few  times  when  a  click  occurred,  the  dog 
was  led  to  watch  carefully  and  to  turn  his  head  at  once  in  the  direc- 
tion of  the  click.  To  keep  him  in  a  state  of  attention  ready  for 
either  click,  the  person  having  the  food  stood  in  front  so  that  the 
dog  looked  midway  between  the  telephones. 

The  next  difficulty  lay  in  inventing  a  key  to  record  the  moment  of 
movement  of  the  dog's  head,  as  he  turned  toward  the  click.  A 
muzzle  was  placed  on  the  head  and  the  key  screwed  to  the  nose- 
piece.  Two  keys  were  made.  One  of  them  was  on  the  principle  of 
a  small  weight  supported  by  an  elastic  metal  rod,  the  rod  being 
surrounded  closely  but  not  touched  by  a  metal  ring  ;  owing  to  the 
inertia  of  the  weight,  the  movement  of  the  head  caused  the  ring  to 
touch  the  rod  and  to  close  an  electric  circuit.  The  other  key  con- 
sisted of  a  small  ball  rolling  in  a  metal  cylinder.  It  made  electrical 
connection  between  a  small  metal  plate  on  the  base  of  the  cylinder 
and  the  inner  surface  of  the  cylinder. 

For  various  reasons  neither  of  these  keys  worked  satisfactorily  and 
up  to  the  time  the  investigation  was  necessarily  closed  not  enough 
records  had  been  taken  to  establish  a  result.  If  a  result  had  been 
obtained,  the  time  for  the  acts  of  discrimination  and  choice  could 
be  found  by  subtracting  the  simple  reaction-time  from  the  latter 
one.  If  we  admit  the  analogy  between  human  life  and  dog  life, 
there  is  now  nothing  in  the  way  of  finding  how  fast  a  dosr  discrimi- 
nates  and  chooses  except  difficulties  with  the  recording  key. 

xv.  Kries  und  Auerbach,  Die  Zeildauer  einfacltskr  psychischer  Vorgange,  Arch. 
f.  Physiologie  (Du  Bois-Reymond),  1877  312. 
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SOME  NEW  APPARATUS. 

BY 

E.   W.  Scripture. 

The  constant  activity  of  the  laboratory  workshop  during  the  two 
ire  since  its  first  productions  were  described1  has  resulted  in  over 
fifty  new  pieces  of  apparatus  for  the  purposes  of  research  and  demon- 
stration.    Of  these  I  have  selected  for  description  only  a  few  whose 
fundamental  ideas  may  be  serviceable  to  the  investigator. 

Pendulum  chronoscope. 

The  spark  method  previously  described2  has  reduced  the  labor  of 
making  records  of  reaction-time  to  a  point  lower  than  obtainable  by 
any  other  method  recording  accurately  in  thousandths  of  a  second. 
The  apparatus,  however,  is  not  portable.  We  set  ourselves,  there- 
fore, to  produce  an  apparatus  fulfilling  the  following  requirements  : 
1,  accuracy  to  the  thousandth  of  a  second  ;  2,  ease  in  transport  ;  3, 
readiness  of  setting  ujj  ;  4,  quickness  in  reading  ;  5,  availability  for 
many  kinds  of  experiments  on  time.  These  requirements  were 
met  after  eight  months  of  labor  by  the  first  pemlnlum-chronoscope. 
Two  chronoscopes  were  built  later,  but  the  model  remained  essentially 
the  same. 

The  pendulum-chronoscope  contains  in  the  first  pi  ace  an  accurately 
adjusted  double-bob  pendulum.  This  pendulum  is  held  by  a  catch 
at  the  right  hand  side.  In  making  an  experiment  this  catch  is 
pressed  noiselessly  and  the  pendulum  starts  its  swing.  It  soon  reaches 
a  light  pointer  held  in  position  by  a  delicate  spring  and  carries  it 
along.  At  exactly  the  moment  it  takes  up  the  pointer  it  presses  a 
delicate  catch  which  releases  the  mechanism  beneath  the  base.  This 
mechanism  is  adjusted  to  do  several  things  ;  one  of  them  is  to  drop 
a  shutter  which  covers  an  opening  in  a  metal  plate  at  the  back  of 
the  chronoscope.  The  person  experimented  upon  is  seated  at  the 
back  :  owing  to  the  curtain,  he  can  see  nothing  but  the  metal    plate 

1  Scripture,  Some  nev:  apparatus,  Stud.  Yale  Psych.  Lab.,  1892-93  I  97. 

5  Bliss,  Investigations  in  reaction-time  and  attention,  Stud.  Yale  Psych.  Lab.,  1892-93 

I  7. 
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with  the  covered  opening.  He  finds  befoi-e  him  a  rubber  button 
like  that  on  a  telegraph  key.  He  is  to  press  this  button  as  soon  as 
he  sees  the  shutter  move.  He  does  so,  and  another  mechanism 
releases  a  horizontal  bar  running  behind  the  scale.  The  pointer 
swings  between  this  bar  and  the  scale  and  is  consequently  stopped 
when  the  bar  snaps  against  the  scale.     The  pointer  starts  to  move 


Fig.  15. 

when  the  shutter  starts  to  fall  and  consequently  any  time  that 
elapses  thereafter  will  be  indicated  by  the  distance  through  which 
the  pointer  travels  before  being  caught.  The  connection  of  the 
pointer  with  the  pendulum  is  so  light  that  it  continues  its  swing 
(fig.  15)  and  is  finally  caught  on  the  other  side. 

The  scale  in  front  is  graduated  by  actual  comparison  with  tuning- 
fork  records  made  by  the  finest  graphic  methods.  Special  electrical 
contacts  are  arranged  so  that  the  units  of  the  scale  indicate  always 
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the  elapsed  time  between  the  starting  of  the  shutter  and  the  pressing 
of  the  button.  That  is  to  say,  all  lost  time  in  the  action  of  the 
mechanism  is  taken  up  in  the  scale.  All  irregularities  of  the  instru- 
ment would  also  appear  in  the  records.  The  vital  point  of  the  con- 
struction is.  therefore,  accurate  adjustment  ;  this  has  been  so  success- 
fully attended  to  that  the  mean  variable  error  of  the  instrument  does 
not  exceed  0.0028.  The  scale  is  marked  in  hundredths  and  half 
hundredth-  :  the  latter  space  is  readily  divided  by  the  eye  into  fifths, 
thus  giving  records  in  thousandths  of  a  second. 

For  reaction  to  light,  colored  cards  are  inserted  into  a  holder  just 
behind  the  shutter,  or  a  reflecting  surface  at  this  point  receives  light 
coming  from  the  side  and  sends  it  through  colored  glass  or  gelatine. 
When  m\  eral  different  colors  are  to  be  used,  a  wheel  containing  them 
is  placed  just  behind  the  shutter.  This  wheel  was  left  off  the  chrono- 
scope  shown  in  the  figure,  but  considerable  experience  has  proved 
that  the  state  of  mind  of  the  person  experimented  upon  differs  greatly 
according  as  he  supposes  the  order  of  presentation  of  colors  to  be 
left  to  chance  or  to  the  experimenter.  To  present  them  by  chance 
all  the  compartments  in  the  wheel  are  filled  with  two,  three,  or  more 
colors  as  desired  ;  the  wheel  is  given  a  twirl  and  is  stopped  without 
any  knowledge  of  what  particular  color  is  ready  for  exposure. 

The  reactions  to  light  are  not  disturbed  by  noises,  as  the  pendu- 
lum makes  no  noise  either  at  release  or  during  its  swing  and  the 
shutter  makes  only  a  faint  sound. 

For  reactions  to  sound  without  further  apparatus  the  shutter  is 
arranged  to  strike  with  a  noise.  In  this  case  a  constant  quantity  is 
subtracted  from  the  shutter  as  read.  For  sound-reactions  it  is  gener- 
allv  preferable  to  insert  a  telephone  either  with  or  without  a  batteiy 
in  circuit  with  the  platinum  contact  about  to  be  described. 

The  shutter  rests  against  a  platinum  point  in  such  a  way  that  its 
movement  can  be  used  to  break  an  electric  circuit ;  this  can  be  used 
for  producing  lights,  sounds,  electric  shocks,  etc.  A  strong  electro- 
magnet is  placed  beneath  the  base  in  such  a  way  that  it  can  take  the 
place  of  the  button  ;  thus  the  pointer  can  be  caught  by  the  move- 
ment of  a  key  in  the  hands  of  a  distant  person.  An  arrangement  is 
also  provided  whereby  the  pendulum  itself  is  released  electrically. 
Still  further  mechanisms  are  added  for  various  purposes. 

I  may  add  that  the  chronoscope  has  fuelled  all  expectations  ;  in  par- 
ticular, the  fact  of  its  constant  readiness  for  use  without  a  moment's 
delay  has  been  a  great  inducement  for  employing  it  in  research  and 
demonstration. 
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Standard  drum. 

For  records  where  great  constancy  of  revolution  is  desired  we  use 
the  standard  drum,  fig.  16.  This  consists  of  a  very  heavy  wheel 
revolving  on  a  vertical  axis.  The  sliding  carriage  to  the  right  is 
arranged  to  carry  a  fork  or  a  marker.  On  the  top  of  the  drum  there 
is  an  automatic  break.  A  rigid  arm  projects  from  the  axle ;  as  it 
passes  a  certain  point,  it  trips  a  lever  and  breaks  an  electric  circuit. 

In  using  the  automatic  break  the  drum  is  turned  slowlv  till  the 
arm  just  touches  the  lever.  The  marker  is  then  run  vertically  down- 
ward so  that  its  trace,  the  zero  line,  shows  the  true  position  of  its 
point  when  the  circuit  is  broken. 


Fig.  16. 

When  the  drum  is  used  for  reaction-times,  the  stimulus,  e.  g.  light, 
sound,  etc.,  is  produced  by  the  break  either  in  direct  circuitfor  shunt 
as  the  case  may  require.  The  drum  is  run  at  any  desired  speed,  and 
the  marker  or  fork  draws  the  time  line.  The  distance  between  the 
zero  line  and  the  reaction  spark  gives  the  elapsed  interval. 

The  automatic  break  has  a  special,  very  important  use  in  finding 
the  latent  times  of  markers,  spark-coils,  etc.  For  markers  this  must 
be  done  separately  for  make  and  break  on  every  occasion.  For 
spark  coils  used  in  the  way  described  it  is  necessary  to  do  this  only 
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once.  One  reason  is  that  when  the  multiple  key'  is  used,  the  latent 
time  at  each  end  of  the  record  will  unquestionably  be  the  same,  and 
bo  disappears.  Another  reason  appears  in  the  results  of  the  follow- 
ing experiments.  The  automatic  break  was  inserted  in  the  primary 
circuil  of  the  spark  coil,  (1  inch  Ritchie  with  condenser  around  the 
break)  with  4  amperes  of  current  ;  the  secondary  circuil  was  arranged 
to  make  a  spark  <>fV  the  point  of  the  time  marker,  vibrating  100  times 
per  second. 
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Fig.    17. 

The  exact  position  of  the  automatic  break  was  marked  on  the 
paper  :  this  could  be  determined  within  an  error  of  less  than  0.1mm. 
The  drum  was  then  revolved  at  high  speed  and  a  record  was  taken 
with  a  spark  produced  by  the  break.  The  speed  of  the  drum  was 
so  great  that  an  interval  of  0.01s  occupied  28mra;  the  great  regularity 
of  the  drum  enabled  us  to  treat  the  interval  as  constant  throughout. 
The  lag  of  the  spark  was  measured  in  *enths  of  a  millimeter.  The 
quotient  of  tli-  lag  divided  by  the  length  of  the  wave  gave  the  time 


1  SCEIPTUBE,  Some  nen;  apparatus,  stud.  Yale  Psych  Lab.,  1892-93  I  97. 
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of  lag.  The  result  of  six  measurements  gave  :  mean  time  of  lag, 
0.000143  ;  mean  error  for  the  series,  0.000015s  ;  mean  error  for  a  single 
experiment,  0.00009s  ;  largest  error  occuring  in  our  determination, 
0.00032s. 

The  mean  time  of  lag  is  so  small  that  it  is  quite  negligible  except 
where  accuracy  to  the  ten  thousandth  of  a  second  is  required,  e.  g. 
in  graduating  a  cbronoscope.  The  mean  error  completely  disposes 
of  an  objection  seriously  urged  against  the  spark-method,  namely, 
that  the  spark  jumps  irregularly  through  the  paper  ;  with  the  paper 
used  in  this  laboratory  (glazed  paper  for  covering  pasteboard  boxes) 
the  extreme  error  was  only  one-third  of  a  thousandth  of  a  second. 

Electric  color  wheel  with  speed  indicator. 

A  small  series-wound  motor  is  mounted  on  a  very  heavy  iron  base. 
A  suitable  arbor  to  hold  the  color  discs  is  placed  on  the  front  of  the 
axle.  A  prolongation  of  the  axle  to  the  rear  carries  two  arms  like 
those  of  an  engine  governor,  which  diverge  from  the  axle  according 
to  the  speed  of  the  motor.  By  an  attachment  to  a  pointer  this  diver- 
gence can  be  read  off  on  a  scale.  By  an  electric  contact  in  combina- 
tion with  the  spark  method,  this  scale  is  graduated  in  revolutions 
per  second.  The  speed  of  the  motor  depends  on  the  amount  of  cur- 
rent sent  through  it  and  can  be  regulated  at  will.  The  apparatus  is 
shown  in  fig.  17. 

It  also  affords  the  means  for  investigating  the  flickering-point 
under  various  conditions.1 

Color  sight  tester. 

The  usual  tests  for  color-blindness  fail  to  detect  those  who  are 
color-weak,  although  these  persons  are  really  color-blind  for  objects 
at  a  distance.  For  examinations  of  railroad  employes  and  sailors  I 
have  invented  a  convenient  instrument  which  not  only  detects  the 
color-blind  with  rapidity  and  accuracy  but  also  detects  the  color- 
wreak. 

The  use  of  different  intensities  of  light  for  the  purpose  of  a  quan- 
titative determination  of  color-blindness  was,  I  believe,  first  made 
by  Donders.  In  the  form  of  a  very  cumbersome  lantern  by  Eld- 
ridge  Green  it  is  now,  I  understand,  officially  adopted  by  the  English 
Board  of  Trade. 

1  Marbe,  Zur  Lehre  von  den  Gesichtsempfindungen,  welche  aus  successiven  Reizen  resul- 
tiren,  Phil.  Stud.,  1893  IX  384. 
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In  general  appearance  the  color  sight  tester  resembles  an  ophthal- 
moscope.  <>n  the  side  toward  the  person  tested,  rig.  18, there  arc 
three  circles  of  glass  one-quarter  inch  in  diameter,  numbered  1, 2  and 
3  respectively.  The  opposite  side  of  the  tester,  fig.  19,  consists  of  a 
movable  di^k  carrying  twelve  glasses  of  different  colors.  As  this 
disk  i-  turned  by  the  finger  of  the  operator  the  various  colors  appear 
behind  the  three  windows.     At  each  movement  of  the  disk  the  subject 


L8.  Fig.  19. 

call-  off  the  colors  seen  at  the  windows.  The  windows,  1,  2,  and  3  are, 
however,  fitted  with  gray  glasses.  No.  1  carries  a  very  dark  smoked 
glass  :  all  colors  seen  through  it  will  be  dark.  No.  2  carries  a  piece  of 
ground  glass,  showing  all  colors  in  full  brightness.  No.  3  carries  a 
light  smoked  glass.  There  are  thus  thirty-six  possible  combinations 
of  the  colors.     The  twelve  are,  however,  mainly  reds,  greens 

and  grays. 
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A  suitable  arrangement  of  the  colors  gives  direct  simultaneous 
comparisons  of  reds,  greens,  and  grays  of  different  shades.  The 
well-known  confusion  by  color-blind  persons  of  dark  greens  with 
reds,  greens  with  gray,  etc.,  are  exactly  imitated,  and  the  instrument 
gives  a  decisive  test  for  color-blindness.  Its  peculiar  advantage, 
however,  lies  in  the  fact  that  it  presents  reds,  greens,  and  grays 
simultaneously  in  a  large  number  of  different  shades  of  intensity. 
The  light  of  a  green  lantern,  as  it  appears  to  a  color-weak  person  at 
different  distances,  is  simulated  by  the  red  behind  the  different  grays  ; 
at  the  same  time  a  white  light  is  also  changed.  The  color-weak  per- 
son to  whom  weak  green  is  the  same  as  gray  (white  at  a  distance)  is 
utterly  confused  and  thinks  that  the  weakened  green  is  gray  (white) 
and  the  dark  gray  is  green. 

The  actual  test  is  performed  in  the  following  manner  :  The  tester 
is  held  toward  a  window,  but  not  in  the  bright  sunlight,  at  about  L'.'v 
feet  from  the  person  tested.  The  operator  begins  with  any  chance 
position  of  the  glasses,  and  asks  the  person  tested  to  tell  the  colors 
seen  through  the  three  glasses,  Nos.  1,  2,  and  3.  He  answers,  for 
example,  "No.  1  is  dark  red  ;  No.  2  is  gray  ;  No.  3  is  green.*'  The 
operator  records  from  the  back  of  the  tester  the  letters  indicating 
Avhat  glasses  were  actually  used.  Suppose  he  finds  that  A,  D,  and  G 
were  opposite  the  glasses  Xos.  1,  2,  and  3  he  records  :  A  1,  dark  red  ; 
D  2,  gray;  G  3,  green.  The  disk  is  then  turned  to  some  other  posi- 
tion, the  colors  are  again  named,  and  the  operator  records  the  names 
used.  For  example,  the  result  might  be  :  "  No.  1  is  dark  green  ;  No. 
2  is  white  ;  No.  3  is  red."  and  the  record  would  read:  G  I,  dark 
green  ;  J  2,  white  ;  A  3,  red.  Still  another  record  might  give  ;  J  1, 
dark  gray  ;  A  2,  red ;  D  3,  medium  gray.  Similar  records  are  made 
for  all  combinations.  Of  course,  the  person  tested  knows  nothing 
concerning  the  records  made.  The  blank  thus  filled  out  is  forwarded 
to  the  chief  inspector  for  railway  or  marine  service.  A  comparison 
with  a  table  containing  the  true  colors  for  each  position  determines 
whether  the  test  has  been  passed  or  not. 

The  records  can  be  taken  by  any  one,  and,  on  the  supposition  that 
the  record  has  been  honestly  obtained  and  that  the  instrument  has 
not  been  tampered  with  after  leaving  the  central  office,  the  compari- 
son is  likewise  mechanical.  There  is  none  of  the  skillful  manipula- 
tion required  in  the  wool  test  and  none  of  the  uncertainty  attaching 
to  its  results.  The  only  instruction  given  to  the  subject  is,  "Name 
the  colors "  ;  the  results  render  the  decision  with  mechanical  cer- 
tainty. 
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The  three  records  just  cited  were  all  obtained  from  the  red  glass 
A,  the  gray  glass  D,  the  green  glass  G,  and  the  white  glass  J,  in 
combination  with  the  dark  gray  No.  1,  the  clear  No.  2,  and  the 
medium  gray  No.  3.  Those  familiar  with  color  blindness  will  notice 
that  these  combinations  place  side  by  side  the  colors  most  confused. 
More  important  still  is  the  fact  that  red,  green,  and  white  are  made 
to  undergo  changes  that  detect  the  color-weak.  Another  set  of 
colors  includes  red,  white,  green,  and  blue-green,  subject  to  all  the 
combinations.  For  green  I  use  the  ordinary  green  glass  common  on 
most  railways  ;  the  blue-green  is  known  to  dealers  as  "  signal  green," 
and  is  frequent  on  the  water.  The  third  set  of  colors  is  an  additional 
te6t.  It  includes  orange-brown,  green,  blue,  and  violet.  These 
colors  are  confused  in  many  cases  of  color-weakness  and  color-blind- 
ness. 

Thouf/Jit  and  action  apparatus. 

On  a  horizontal  rod  1  meter  long,  fig.  20,  there  are  placed  three 
metal  blocks,  A,  B,  C,  adjustable  at  any  distance  apart.  The  block 
A  carries  a  signal  and  is  arranged  so  that  a  movement  of  the   signal 


P- 


Fig.  20. 

breaks  an  electric  circuit  at  a.  The  blocks  B  and  C  carry  light 
bamboo  rods  held  in  small  revolving  clamps.  On  touching  one  of 
these  rods  it  falls  and  in  doing  so  it  makes  electric  contact  for  an 
instant  at  e  or  i.  By  connection  with  the  spark  coil  records  are 
obtained  on  the  drum  for  each  of  the  three  movements. 

Let  it  be  required  to  determine  the  length  of  reaction-time  in  rela- 
tion to  the  intended  extent  and  velocity  of  movement.  The  finger 
is  placed  lightly  against  C  and  upon  a  signal  from  A  it  is  to  be 
moved  past  B.  The  time  between  the  sparks  from  A  and  C  is  the 
reaction-time  ;  the  time  between  those  for  C  and  B  is  the  time  of 
movement.  By  varying  the  distance  between  B  and  C  and  the  time 
of  movement  the  problem  can  be  answered  in  all  its  forms. 

By  omitting  B  the  instrument  serves  as  signal  and  reaction-key. 
By  reacting  to  a  movement  of  A  in  one  direction  and  not  in  the 
other  it  is  used  for  discrimination  and  choice.  By  using  B  and  C 
alone  it  is  an  apparatus  for  repeating  and  extending  the  investiga- 
tions' on  the  time  and  extent  of  movement. 

1  Fullerton  axd  Cattell,  On  the  perception  of  small  differences,  103,  Philadelphia 
1892. 
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Pistol  hey. 

This  serves  for  investigating  the  reaction-time  in  starting  to  run. 
The  blast  from  the  pistol  barrel  cr,  fig.  21,  moves  the  fan /so  that 
contact  is  broken  at  d  for  an  in- 
stant, the  lever  being  drawn  back 
by  a  spring.  Only  a  few  experi- 
ments have  been  made  with  the 
apparatus.  These,  however,  have 
brought  to  notice  the  following 
facts  :  I.  the  reaction-time  is 
about  one-third  shorter  for  short- 
distance  runners,  who  are  trained  Fig-  21. 
to  start  quickly,  than  for  long-distance  runners  ;  2.  the  reaction- 
time  for  movements  of  the  whole  body  is  longer  than  for  move- 
ments of  a  single  member. 


Voice  key, 

The  voice  key,  fig.  22,  is  in- 
tended for  experiments  on  the 
time  of  associating  ideas.  It 
comprises  a  cylinder  of  hard 
rubber  holding  a  metal  plate  at 
the  end  furthest  from  the  mouth. 
A  fine  screw  rests  lightly  against 
this  plate.  The  current  is  sent 
through  the  point  of  contact 
between  screw  and  plate  ;  it  is 
interrupted  by  the  vibration  of 
the  plate  in  response  to  the  voice. 
With  the  spark  method  this  pro- 
duces a  chain  of  dots  on  the  drum 
while  the  word  is  being  spoken. 


Fig.  22. 


With  two  voice-keys  and  a  telephone  connection  the  person 
experimented  upon  can  be  in  a  distant  room,  a  key  being  placed  over 
the  opening  in  each  transmitter. 

Touch  key. 

A  long  flexible  spring,  fig.  23,  is  mounted  in  a  wooden  handle  and 
bears  against  a  short  rigid  arm,  also  attached  to  the  handle,  so  as  to 
keep  closed  an  electrical  circuit.     The  circuit  is  led  into  the  handle 
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by  a  pair  of  twined  flexible  cords.     When  the  end  of  the  spring 
touches  the  subject,  it  is  pressed  away  from  the  short  arm  and  breaks 


Fig.  23. 

the  contact.  Striking  again  si  a  piece  of  metal  above,  it  makes  con- 
tact again  immediately.  In  this  way  a  spark  is  made  and  the 
circuit  is  closed  ready  for  the  reaction.  For  touch  alone  the  spring 
carries  a  small  rubber  knob  at  its  end  ;  for  temperature  this  is 
replaced  by  a  heated  or  cooled  metal  ball. 


Electric  baton. 

This  is  designed  for  the  study  of  the  sense 
of  musical  rhythm.  A  rod,  fig.  24,  similar 
to  an  orchestra  leader's  baton,  is  provided 
with  a  spherical  ball  of  metal  mounted  upon 
a  flexible  wire.  Closely  surrounding  but  not 
touching  this  wire  is  a  metallic  ring.  The 
tip  and  ling  are  respectively  joined  to  the 
ends  of  a  pair  of  flexible  conductors,  leading 
off  to  a  recording  circuit.  Every  change  of 
direction  of  the  baton  makes  contact  for  an 
instant  and  thus  a  spark  record  is  made  upon 
the  drum. 

Foot  l-i  ij. 

The  foot-key,  fig.  25, '  is  designed  for 
the  study  of  the  sense  of  rhythm  as  in- 
volved in  walking.  A  yoke  piece  is 
arranged  to  clamp  to  the  heel,  provision 
being  made  for  heels  of  varying  widths. 
Upon  this  yoke  is  mounted  a  small  con- 
tact key,  so  that  the  circuit  is  broken 
whenever  the  foot  strikes  the  ground  and 
made  again  as  the  foot  is  raised.  Flex- 
ible conductors  place  the  shoe  in  the 
recording  circuit. 


Fig.  24. 


Fig.  15 


1  Figures  22,  24  and  25  are  from  Scripture,  Thinking,  Feeling,  Doing;   Meadville, 
1895. 
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Volt  reducers. 

When  the  city  current  is  at  hand  in  the  laboratory,  it  is  very  desir- 
able to  use  it  for  forks,  spark  coils,  telegraph  keys,  etc.  This  cannot 
be  conveniently  done  on  account  of  the  high  voltage  of  the  current 
which  arcs  across  the  keys,  burns  out  the  platinum  contacts,  etc. 
With  a  battery  current  Helmholtz1  used  a  zigzag  of  resistance  wire 
connected  in  parallel  with  the  cup  of  the  tuning  fork  in  which  he 
wished  to  suppress  the  spark.  This  idea  has  been  developed  by  our 
laboratory  mechanician,  J.  J.  Hogan,  into  an  arrangement  by  which 
the  dynamo  current  of  high  voltage  can  be  manipulated  just  as  a 
number  of  galvanic  cells.  With  the  cells  the  current  is  altered  in 
potential  and  intensity  by  the  use  of  more  or  less  of  them  and  by 
their  arrangement  in  parallel,  in  series  or  in  combination.  WTith  the 
volt  reducer  the  amount  of  current  drawn  from  the  dynamo  is  regu- 
lated by  incandescent  lamps.  This  current  passes  to  a  pair  of  bind- 
ing-posts by  way  of  the  apparatus  in  which  the  current  is  desired, 
and  by  way  of  one  or  more  coils  of  wire.  The  particular  arrange- 
ment of  the  coils  depends  on  the  insertion  of  various  plugs.  In  this 
way  the  current  drawn  from  the  binding-posts  can  be  made  of  any 
potential  from  1  volt  to  10  volts  and  of  any  intensity  within  the 
limits  of  the  particular  volt-reducer.  The  current  acts  under  vary- 
ing circumstances  exactly  like  that  of  a  battery  of  the  same  potential 
and  internal  resistance. 

1  Helmholtz,  Die  Lehre  von  d.  Tonempfindungen,  632,  3  ed.,  Braunschweig,  187T. 


CORRECTIONS. 

On  page  23  of  Vol.  II  the  expression  p.  ?  should  be  changed  to 
p.  14. 

On  page  29  the  second  and  third  sentences  should  read  :  In  the 
use  of  the  average,  each  individual  quantity  influences  the  result  in 
direct  proportion  to  its  numerical  deviation  from  the  average.     The 

a  —  A 

value  .'■,  =  a  has  upon  the  average   A  an  influence   ,_      .  times  as 

much  as  the  value  xk  =  b. 

In  Gilbert's  article  in  Vol.  II.  it  will  be  noticed  that  in  some 
cases  the  curve  giving  the  median  for  boys  and  girls  together  does 
not  lie  between  the  curve  for  boys  and  the  curve  for  girls,  but  does 
lie  slightly  outside.  This  is  theoretically  impossible.  The  error 
arose  in  the  following  way.  The  results  were  given,  as  usual,  in 
tenths  of  the  unit  employed  in  measuring.  According  to  the 
formula,  p.  21  of  Vol.  II,  the  tenths  obtained  from  a  set  of  measure- 
ments are  to  be  added  algebraically  to  the  whole  number  given  as 
the  median.  In  some  cases  the  result  for  tenths  was  negative  and, 
as  Dr.  Gilbert  wishes  it  stated,  these  negative  tenths  were  some- 
times added  instead  of  subtracted.  The  error  does  not  affect  the 
whole  units  in  which  the  measurements  were  made,  but  it  does  affect 
the  tenths  which  were  obtained  in  the  calculation.  Therefore 
whenever  the  curve  for  boys  and  girls  together  does  not  lie 
between  the  separate  curves,  it  should  be  made  to  do  so. 
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REACTION-TIME    IN   ABNORMAL   CONDITIONS    OF   THE 

NERVOUS    SYSTEM. 

BY 

Alfred  G.   Nadler,   M.D. 

The  object  of  the  present  research  was  to  investigate  the  possible  alter- 
ations in  reaction -time  and  thought-time  in  diseased  conditions  of  the 
nervous  system.  The  experiments  were  performed  upon  individuals  ex- 
hibiting symptoms  diagnostic  of  one  of  four  types  of  diseases.  The  sub- 
jects were  patients  applying  at  the  University  Clinic.  The  four  types 
selected  were  neuritis,  hysteria,  locomotor  ataxia  and  allied  conditions, 
and  alcoholism. 

The  experiments  were  performed  on  a  Scripture  pendulum-chrono- 
scope,  which  consists  of  a  pendulum,  a  pointer,  a  scale,  a  signal  and  a 
reaction-apparatus.1  The  pendulum  is  held  at  one  side  by  a  catch  ;  when 
set  free,  it  travels  across  the  scale.  As  it  passes  the  zero  point  it  sets  in 
motion  and  carries  with  it  the  pointer;  the  scale  is  divided  into  thous- 
andths of  a  second,  the  pendulum  and  pointer  being  so  arranged  that  one 
second  elapses  while  the  pointer  travels  from  o  to  iooo.  As  it  passes  the 
zero  point  the  pendulum  springs  a  catch  which  gives  the  signal  to  the 
subject.  This  individual,  all  prepared,  with  a  finger  on  the  reaction  but- 
ton, presses  the  button  in  response  to  the  signal.  This  locks  the  pointer 
against  the  scale  at  whatsoever  point  it  happens  to  be.  The  experimenter 
has  then  only  to  read  off  the  mark  on  the  scale  at  which  the  pointer  is  set. 

For  simple  reaction-time,  the  opening  of  a  shutter  on  the  signal  board 
was  the  signal ;  for  complex  reaction-time  red  or  white  cards  were  indis- 
criminately inserted  behind  the  shutter  and  the  subject  reacted  only  when 
the  red  card  was  seen. 

The  simple  reaction  consisted  in  this  case  psychologically  of  percep- 
tion and  volition,  physiologically  of  the  passage  of  a  nervous  impulse 
from  the  eye  to  the  visual  center  in  the  brain,  then  to  the  arm  center  and 
downward  to  the  muscles  of  the  arm  and  hand.  The  complex  reaction- 
time  adds  to  this  the  two  mental  processes  :   discrimination  between  the 

1  St  ripture,  Some  new  apparatus,  Stud.  Yale  Psych.  Lab.,  1895  III  98.  The 
mean  error  of  this  instrument  is  two  thousandths  of  a  second  ;  the  mean  variations  of  the 
records  are  therefore  psychological  quantities ;  see  Scripture,  New  Psychology,  142, 
London, 1897. 
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colors  and  choice  between  movemenl  and  rest  ;  the  physiological  side  of 
these  proi  esses  is  unknown. 

In  classifying  and  arranging  the  results,  the  "median"  was  used' 
instead  o\  the  average  as  a  basis  of  comparison  or  discussion.  The 
median  is  the  middle  value  in  a  set  of  numbers;  for  example,  if  there 
are  10  or  20  members,  it  is  the  average  of  the  fifth  ami  sixth,  or  the 
tenth  and  eleventh;  if  there  are  n  or  15  numbers,  it  is  the  sixth  or 
the  eighth  one. 

1  ,o<   \i     \i  IRITIS. 

In  this  group  are  classed  all  those  cases  in  which  the  nerves  supplying 
the  muscles  of  the  forearm  or  hand  were  affected',  causing  a  partial  par- 
alysis of  either  hand.  It  comprises  neuroses  of  a  local  nature  due  either 
to  trauma  or  toxines.  In  all  cases,  one  or  more  branches  of  the  brachial 
plexus  or  nerves  were  affected.  At  the  seat  of  a  local  lesion  of  a  periph- 
eral nerve  or  a  nerve  whose  branches  supply  the  periphery,  the  nerve 
is  usually  inflamed,  that  is,  swollen,  infiltrated  and  reddened.  The 
sheath  alone  may  be  diseased  or  the  inflammation  may  affect  also  the  in- 
ternal portion,  under  which  circumstances  the  infiltration  is  more  exten- 
sive and  surrounds  the  nerve  bundles.  The  nerve  fibres  themselves  may 
not  lie  involved,  but  there  is  an  increase  of  the  nuclei  in  the  sheath  of 
Schwann.  The  myelin  is  fragmented,  the  nuclei  of  the  internodal  cells 
are  swollen,  and  the  axis  cylinders  present  varicosities  or  undergo  granu- 
lar degeneration.  The  nerve  fibres  may  be  entirely  destroyed  and  re- 
placed by  a  fibrous  connective  tissue  in  which  fat  is  deposited.  In  neu- 
ritis due  to  lead  poisoning  and  in  the  more  serious  cases  due  to  trauma, 
the  ehanges  met  with  in  the  nerves  are  somewhat  different.  This  is 
termed  parenchymatous  neuritis  and  the  changes  resemble  closely  that 
described  as  secondary  or  Wallerian  degeneration,  which  follows  when 
a  nerve  is  cut  off  from  its  center.  There  is  segmentation  in  the  myelin 
and  breaking  up  of  the  axis  cylinder,  with  proliferation  of  the  nuclei  of 
the  sheath  of  Si  hwann  and  neurilemma.  The  changes  may  be  limited  to 
the  medullary  sheath,  constituting  what  Gombault  has  termed  peri-axial 
neuritis.  These  neuritic  changes  are  found  in  segments,  the  affected 
portions  being  separated  by  healthy  parts ;  this  is  the  so-called  "seg- 
mental neuritis."  In  the  musculo-spiral  nerve,  which  is  especially 
affected  in  lead  poisoning,  the  parenchymatous  and  peri -axial  neuritis  are 
found  together,  the  former  generally  being  in  the  small  branches  going  to 
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the  muscles,  the  latter  in  the  main  nerve  trunk  and  larger  branches.  The 
symptoms  in  the  following  cases  were  pain  along  the  arm  and  hand  over 
the  course  of  the  nerve  affected,  several  points  of  tenderness  on  the 
periphery,  an  inability  to  freely  move  the  arm  or  forearm  or  hand  or  one 
or  more  fingers.  Sometimes  the  flexor  muscles  were  affected,  more 
often  the  extensor.     Some  tactile  sensation  also  was  lost. 


Table  I. 

Subject.  Disease.  S 

W.  B.  Neuritis  due  to  injur}' 215 

M.  Y.  Neuritis 390 

J-  M  "  379 

J-  W.  "  379 

H.  G.  »  314 

L.  M.  Neuritis,  alcoholic 192 

M.  M.  Neuritis 407 

J.  W.  Neuritis,  wrist  drop 166 

J.  W.  After  treatment 143 

A.  L.  Neuritis 294 

A.  L.  After  partial  treatment 185 

J.  S.  Neuritis,  diseased  arm 403 

J.  S.  Sound  arm 256 

C.  W.  Neuritis,  diseased  arm 393 

C.  W.  Sound  arm 243 


ds 

C 

do 

78 

146 

36 

5°4 

66 

16 

557 

34 

53 

498 

48 

91 

442 

163 

39 

428 

48 

35 

525 

39 

22 

299 

38 

24 

277 

33 

61 

478 

87 

14 

487 

47 

12 

640 

10 

20 

423 

12 

17 

5°4 

H 

14 

392 

5 

Unit,  thousandth  of  a  second. 

Number  of  records  on  each  subject,  40. 

S,  simple  reaction-time. 


C,  complex  reaction-time. 
ds,  dc,  mean  variations  for  the  individual 
subjects. 


As  would  naturally  be  expected  from  such  diseased  conditions,  the  re- 
action-time is  materially  lengthened.  The  increase  is  undoubtedly  due 
to  the  local  lesion  of  the  nerve.  This  is  proven  by  the  varying  increases 
over  the  normal  in  the  different  subjects  according  to  the  extent  or  cause 
of  the  injury  or  the  severity  of  the  symptoms.  It  is  also  proven  by  the 
fact  that  the  complex  time  is  only  so  much  longer  than  the  simple  reac- 
tion-time as  exists  ordinarily  in  normal  conditions. 

The  mean  variation,  which  is  the  index  of  regularity  in  the  action  of 
the  patient's  mind,  is  not  greater  than  that  found  in  healthy  persons  under 
the  same  conditions. 

It  was  found  that  in  patients  with  but  one  arm  affected,  the  reaction- 
time  was  longer  in  the  diseased  arm  than  in  the  unaffected  limb  ;  in  pa- 
tients experimented  upon  during  or  after  treatment  the  results  improved 
with  improved  conditions. 
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Locomotor   ataxia    \\i>  multiple  neuritis. 

The  diseases  of  this  group  are  affections  of  the  spinal  cord  due  to  de- 
generation or  sclerosis  of  one  or  another  traet  or  column. 

Although  the  results  are  alike  in  many  respects,  there  are  sufficient  dif- 
ferences to  bring  out  the  distinction  between  the  two  diseases. 

Locomotor  ataxia  is  an  affection  of  the  nervous  system  characterized 
clinically  by  incoordination  with  sensory  and  trophic  disturbances  and 
involvement  of  the  special  senses,  particularly  the  eyes.  Pathologically 
there  is  sclerosis  of  the  posterior  columns  of  the  cord,  foci  of  degenera- 
tion in  the  basal  ganglia,  and  sometimes  chronic  degenerative  changes  in 
the  cortex  cerebri.      The  peripheral  nerves  also  undergo  degeneration. 

Marie  asserts  that  the  primary  change  is  a  nutritional  defect  of  the 
ganglion  cells  of  the  posterior  root.  In  this  disease,  there  is  not  loss  of 
motor  power,  but  incoordination.  The  motor,  efferent  fibres  of  the 
peripheral  nerves  are  intact.  In  ordinary  peripheral  neuritis,  both  motor 
and  sensory  fibres  are  diseased.  The  ganglion  cells  of  the  posterior  spinal 
ganglia  are  destroyed  in  tabes,  but  their  axis  cylinder  prolongations  in 
the  cord  undergo  degeneration  and  atrophy  ;  consequently  a  sclerosis 
occurs  in  the  three  ascending  tracts,  namely,  Lissauer's  tract,  the  pos- 
tero-external  column  and  Goll's  column. 

In  multiple  neuritis  the  lesions  and  pathological  conditions  are  prac- 
tically the  same  as  in  localized  neuritis,  with,  of  course,  extension  to 
larger  areas  and  the  involvement  of  more  nerves  and  portions  of  the  cere- 
bral and  spinal  ganglia. 

The  symptoms  of  locomotor  ataxia  are  manifested  mainly  by  a  lack  of 
coordination.  The  lower  extremities  are  principally  affected,  causing 
the  characteristic  ataxic  gait.  In  advanced  cases  the  arms  and  hands  are 
involved,  producing  numbness  or  tingling  in  the  fingers. 


Table  II. 


Subject. 

C.  M. 

Locomotor  ataxia 

F.  II. 

11              ti 

F.  N. 

it              it 

G.  R. 

it              1 1 

J.  K. 

Multiple  neuritis 

G.  B. 

ti             it 

S.  P. 

ti              ii 

1  >isease. 


S 

393 
374 
392 

385 
421 
412 
414 


ds 

9 
9 
6 

6 
14 

19 

72 


C 

869 
728 

793 
767 
864 

794 
756 


do 

24 
39 

15 
12 
16 

42 
132 


Unit,  thousandth  of  a  second. 

Number  of  records  on  each  subject,  40. 

S,  simple  reaction-time. 


C,  complex  reaction-time. 
ds,dc,  mean  variations  for  the  individual 
subjects. 
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In  multiple  neuritis,  since  the  motor  nerves  are  peculiarly  affected,  the 
symptoms  are  mainly  those  of  paraplegia.  The  extensor  muscles  are 
affected  more  than  the  flexors,  causing  thereby  wrist-drop  and  foot-drop 
and  the  peculiar  steppage  gait. 

The  simple  reaction-times  in  these  cases  were  markedly  long,  longer 
in  those  affected  with  multiple  neuritis  than  in  the  tabetic  patients.  The 
thought-times  were  distinctively  long  also,  but  more  so  in  the  group  of 
locomotor  ataxia  patients.  The  mean  variations  were  comparatively 
small  in  all  the  series  except  in  one  subject. 

Do  these  results  agree  with  the  symptoms  and  pathological  conditions  ? 
And  are  they  such  as  one  might  reasonably  expect  ?  I  think  we  can 
answer  in  the  affirmative. 

In  the  first  place  let  us  compare  the  simple  reaction-times.  The  re- 
sults are  longer  in  the  multiple  neuritis  cases  in  this  set  of  experiments. 
This  is  surely  in  accordance  with  expectation.  The  observer  has 
simply  to  react  and,  the  motor  nerves  being  affected,  the  outward  current 
travels  more  slowly ;  the  result  is  a  longer  reaction-time.  For  tabetic 
patients  the  disturbance  in  coordination  would  also  cause  some  lengthen- 
ing beyond  the  normal  time. 

In  regard  to  the  complex  reaction-time  this  difference  between  the  two 
classes  would  appear  scarcely  sufficient  to  affect  the  complicated  process. 

The  astonishing  regularity  of  the  simple  reactions  in  locomotor  ataxia, 
as  shown  by  the  smallness  of  the  mean  variations,  remains  an  inexplicable 
fact. 

Alcoholism. 

The  patients  which  I  have  classified  under  the  title  alcoholism,  for 
want  of  a  better  name,  were  men  on  the  verge  of  delirium  tremens. 

They  were  men  who  had  been  on  a  "bout"  for  a  varying  number  of 
days  and  appeared  for  treatment  when  on  the  border  lines  of  conscious- 
ness. The  condition  is  such  as  is  seen  by  every  one  almost  any  day  on 
the  streets  of  a  large  city.     It  is  a  stage  beyond  drunkenness. 

The  patients  are  men  who  are  immuned  to  alcohol  and  have  drunk 
enormous  quantities  during  their  lfves.  They  no  longer  become  intoxi- 
cated according  to  the  popular  idea  of  that  term.  Their  tissues  and 
organs  are  probably  saturated  with  the  toxine.  They  are  accustomed  to 
drink  gin  and  whiskey.  Their  condition  would  be,  perhaps,  best  de- 
scribed as  that  due  to  systematic  intoxication. 

When  they  come  for  treatment  their  minds  are  clear  and  active  ;  they 
are  acutely  anxious.  Being  aware  of  the  condition  in  which  they  are, 
they  are  fearful  lest  it  become  worse.     They  cannot  sleep  and  are  ut- 
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terly  worn  out  ;  tremors  shake  their  frames.  The  walk  is  shaky  and 
weak,  but  not  staggering.  Sleep  is  their  necessity  and  without  medical 
interference  sleep  will  not  eome.  Unless  their  need  is  fulfilled  the  con- 
dition becomes  rapidly  worse  and  the  patient  is  soon  in  the  throes  of  de- 
lirium tremens. 

The  pathological  condition  in  this  affection  is  not  accurately  known, 
but.  reasoning  by  analogy,  one  cannot  lie  far  wrong  in  the  following 
description  :  There  is  in  the  brain  a  shrinking  of  the  substance  with 
narrow,  flattened  and  shrunken  convolutions,  and  serous  effusion  in  the 
ventricles  and  subarachnoid  spare'.  Some  of  the  vessels  have  degene- 
rated and  blood  has  oo/ed  into  the  brain  substance.  The  nerve  cells 
and  fibres  are  wasted  throughout  their  course.  In  the  cord  there  is  in- 
creased vascularity,  especially  in  the  posterior  columns.  The  changes  in 
the  nerve  fibres  are  those  of  sclerosis  or  fatty  degeneration. 

Table  III. 

Subject.                                      Disease.  5  ds  C  </<• 

J.  M.         Alcoholism 156  15  479  28 

I'M-  "           174  3°  434  60 

J.  L.  "           164  6  464  20 

F.  W.  "           161  6  469  11 

I.  M.  ;<           163  9  528  18 

J.  B.  "                                  161  8  506  12 

A.  P.  ••           168  9  453  20 

P-  M.  "           155  6  443  27 

P.  M.  ••           169  9  398  7 

F.  S.  "            160  II  416  23. 

G-  W.  ••            195  16  507  32 

J-  W.  ••            184  13  394  15. 

T.  I  ■                 •'           173  13  397  8 

L.  M                  •■           178  19  424  29 

T.  H.                "           163  20  415  72 

T.  II.  After  treatment    "    ' 131  5  394  22 

J.   II.  Alcoholism 157  8  499  10 

I     II.  Partially  cured 156  6  397  9 

M.  M.  Alcoholism 164  18  421  44 

M.  M.  Cured  of  attack 160  13  397  11 

Unit,  thousandth  of  a  second.  C,  complex  reaction-time. 

Number  of  records  on  each  subject,  40.  da,  do,  mean  variations  for  the  individual 

S,  simple  reaction-time.  subjects. 

In  this  group,  strange  to  relate,  the  simple  reaction-times  are  consider- 
ably shorter  than  in  any  series  of  experiments  performed  on  healthy  per- 
sons at  the  Vale  laboratory.    The  complex  times,  however,  are  longer,  that 
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is  to  say,  the  differences  between  the  simple  reaction-times  and  the 
complex  times  are  larger  than  for  the  normal  person.  The  mean  varia- 
tions are  comparatively  small  in  the  first  series,  and  in  the  latter  they  ap- 
pear to  depend  upon  the  personal  attributes  of  the  observer. 

In  the  experiments  made  upon  the  same  individuals  after  treatment, 
the  results  showed  a  decrease  in  the  reaction-times  throughout,  making  the 
simple  reaction-time  less  than  in  the  normal  and  the  complex  time  about 
normal.  These  results  appear  to  show  that  the  effect  of  the  alcoholic 
toxine  upon  the  individual  is  to  heighten  the  power  to  perform  simple 
regular  movements,  but  that  where  a  judgment  is  needed,  the  individual 
is  at  a  disadvantage. 

Hysteria. 

To  better  understand  the  peculiar  results  of  the  experiments  on  hys- 
terical subjects  it  may  be  well  to  begin  with  a  brief  characterization  of 
the  disease. 

"Hysteria  is  a  functional  disorder  of  the  nervous  system,  associated 
with  excitability  and  a  want  of  will  power.  It  is  manifested  by  uncon- 
trollable nervous  paroxysm  or  crises,  and  intermediate  states  of  perverted 
nerve  function.  *  *  *  The  symptoms  vary  from  mere  exhibitions  of 
excitability  provoked  by  slight  causes  to  prolonged  and  frequent  convul- 
sive attacks.  Paroxysms  of  uncontrollable  laughter  or  crying,  without 
apparent  reason,  explosions  of  anger  or  terror  upon  the  slightest  provo- 
cation, headache,  sleeplessness,  attacks  of  trembling,  flushing,  chilli- 
ness, choking  sensations,  and,  above  all,  unreasonable  actions  or  com- 
plaints designed  to  impress  the  spectator  with  the  importance  or  wonderful 
character  of  the  ailments.  All  sorts  of  vagaries  resulting  from  a  perverted 
imagination  assist  in  making  up  a  truly  kaleidoscopic  clinical  exhibition.1 
The  symptoms  vary  from  day  to  day.  Upon  being  questioned  regarding 
their  trouble,  the  patients  reply  that  "they  are  so  very  nervous."  That 
statement  covers  the  ground.  In  the  majority  of  cases,  the  patient  has  ex- 
aggerated a  slight  trouble  until  it  has  assumed  tremendous  proportions  in 
her  eyes,  and  once  having  fallen  into  the  habit  she  is  with  difficulty  taught 
its  error. 

In  this  group,  the  reaction-times  were  very  erratic,  that  being  the  most 
noticeable  feature.  The  median  for  the  simple  reaction-time  is  almost 
normal,  but  the  mean  variation  is  extremely  large.  The  complex  time  is 
increased  greatly  above  the  normal  and  here  again  the  mean  variation  is 
greatly  enlarged.     The   cause  lies  probably  in  the  difficulty  with  which 


JByford,  Manual  of  Gynecology,  137,  Philadelphia,  1895. 
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the  observers  concentrated  their  attention.  In  some  cases  it  appeared  as 
if  the  patients  had  forgotten  what  they  were  attempting  to  do.  Suddenly 
they  would  recollect  and  react,  the  time,  of  course,  being  greatly  pro- 
longed. This  was  especially  true  of  the  complex  time.  Or  perhaps  the 
patient  would  not  be  positive  at  first  and  would  require  a  second  thought 
to  assure  herself  that  the  signal  was  read  correctly. 

The  experimental  results  are  given  in  the  following  table  : 

T\i;i  I     IV. 

Subject.                                    1  disease.  S  ds  C  dc 

II .  G  Hysteria 308  91  399  197 

235  54  742  93 

F.  F.  •• 287  77  779  123 

II.  A.  •  198  27  764  96 

W.  F.  ••  186  17  599  51 

J.  W.  ••  184  23  612  34 

P.  A.  "  198  31  744  68 

C.  A.  "  193  20          >  802  73 

M.  M.  •■  187  26  749  91 

r.  11.  187         21         736         108 

M.  S  ••         483  185  641  167 

D.  A.  ••  164  66  !  ! 

Unit,  thousandth  of  a  second.  C,  complex  reaction-time. 

Number  of  records  on  each  subject,  40.  </.<,  dc,  mean  variations  for  the  individual 

S, "simple  reaction-tinu-.  |   subjects. 

It  was  found  impossible  to  secure  any  records  of  complex  time  for  D.  A., 
as  she  could  not  refrain  from  reacting  to  every  fall  of  the  shutter,  regard- 
less of  the  color  it  showed. 

Summary.  ' 

In  order  to  compare  the  results  for  the  different  diseases  the  general 
average  must  be  computed  for  each  disease.  The  mean  variation  for 
each  observer  serves  for  this  purpose  the  same  function  as  the  mean  error 
of  a  set  of  physical  measurements.  Let  dv  rf2,  ■■■  ,  dk  be  the  mean  varia- 
tions for  the  various  individuals  whose  averages  are  respectively  av  a2,--,  av 
Since  each  average  was  obtained  from  n  experiments,  the  mean  variations 
for  each  of  the  averages  will  be 

d.  </,  J, 

x      \'  n  V  n  K      V  ;i 

1  By  the  editor. 
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The  weights  of  the  averages  are  therefore 


ii  i 

A=  n2>  A  =  yyv  •••'A  —  jt* ' 


r>:   /2     A2      lk    A 


The  final  average  is 


A  =Agi -^/A  +  -  +Aa* 
A+A+-+A 

Since  the  number  of  experiments  was  the  same  in  every  case,  the  value 
;/  is  constant  and  the  same  result  for  A  is  obtained  by  using 

i  i  i 

A  =  j2'  A  —  ji*  •••'  Pk  —  ji 

instead  of  the  formulas  previously  given.     The  final  average  for  each  dis- 
ease is  calculated  in  this  way. 

If  we  consider  the  mean  variation  for  an  individual  as  a  measure  of  his 
uncertainty  of  mental  action,  we  can  inquire  for  the  average  uncertainty 
of  the  group,  which  for  /'individuals  will  be 

u=  4  +  4  +  -  +  d, 


The  average  mental  uncertainty  is  calculated  for  each  disease. 

Lastly,  to  complete  the  picture  of  the  disease  it  is  necessary  to  indi- 
cate how  the  individuals  differ  from  each  other  in  their  averages.  This 
is  done  by  computing  the  statistical  mean  variation. 

Let  A  be  the  average  for  the  whole  group  whose  individual  values,  or 
averages,  are  av  a2,  ■■-,  ak ;  then  the  individuals  vary  from  the  group-aver- 
age by  7\  =  A—av  v2  =  A— a,,  •••,  rk  —  A  —  ak.  The  average  variation 
of  the  individuals  of  the  group  will  be 


r= 


<•,+<',+•••+<'*• 


This  figure  indicates  the  homogeneity  of  the  group,  and  thus  gives  a 
characteristic  of  the  uniformity  of  the  disease  in  this  particular  property. 

The  calculations  have  been  performed  and  verified  with  the  greatest 
care,  Crelle's1  and  Barlow's2  tables  being  used  wherever  possible. 

•  Crelle,  Rechentafeln,  Berlin,  1857. 

2BARLOW,  New  Mathematical  Tables,  London,  1814. 
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In  order  to  have  a  comparison  with  normal  individuals  1  have  added 
computations'  from  the  records  made  on  19  college  students,  each  record 
consisting  often  experiments. 
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S 
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12 
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29 

31 
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58 

58 
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19 

S,  simple  reaction-time. 
< '.  complex  reaction-time. 
[",  (  '.  averages  of  the  individual  mean 
variation^. 


/ ',   /  ',  average  departures  of  the  indi- 
viduals from  the  typical  averages  .V  and  C. 
B,  difference  between  C  and  S. 
k,  number  of  individuals. 


The  following  conclusions  seem  to  be  justified  by  the  table  : 

1.  Alcoholism  shortens  the  simple  reaction-time,  hysteria  leaves  it  un- 
changed and  local  neuritis,  multiple  neuritis  and  locomotor  ataxia 
lengthen  it.      (Column  S.) 

2.  Local  neuritis  slightly  lengthens  the  additional  mental  processes  in- 
volved in  complex:  reaction-time,  alcoholism  lengthens  them  consider- 
ably, while  locomotor  ataxia,  multiple  neuritis,  and  hysteria  double  and 
triple  the  normal  time.      (Column  £.) 

3.  The  individual's  regularity  is  much  greater  than  the  normal  in  loco- 
motor ataxia  and  alcoholism,  and  much  less  than  normal  in  the  other 
diseases.  The  irregularity  is  specially  marked  in  hysteria  for  the  higher 
mental  processes.      (Columns  U,  If '.) 

4.  Subjects  with  multiple  neuritis,  locomotor  ataxia  and  alcoholism 
are  much  more  distinctly  marked  off  in  respect  to  these  tests  than  nor- 
mal individuals.  The  close  agreement  of  the  seventeen  alcoholic  patients 
in  regard  to  simple  reaction-time  is  very  remarkable.      (Columns  V,   V .) 

-  ! liming  up  by  diseases,  I  believe  it  justifiable  to  say  that  in  the  two 
respects  of  simple  and  complex  reaction-time  they  are  characterized  as 
follows  : 

1.  Local  neuritis:  a  poorly  defined  group  with  long  simple  reaction- 
time  and  great  irregularity. 

2.  Multiple  neuritis:  a  very  closely  defined  group  with  very  long 
time  for  both  simple  reactions  and  more  complicated  mental  processes  ; 
also  considerable  irregularity  in  the  individual. 

3.  Locomotor  ataxia  :     a  very  closely  defined  group,  slow  in  reaction 
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and  in  the  higher  processes,  but  astonishingly  free  from  individual  irregu- 
larities. 

4.  Alcoholism  :  a  very  closely  defined  group  with  accelerated  reac- 
tion-time and  not  generally  retarded  complex  time,  remarkably  free  from 
irresrularitv. 

O  J 

5.  Hysteria:  an  indefinite  group,  with  normal  simple  reaction-time 
but  greatly  lengthened  complex  time,  exhibiting  extreme  irregularity. 


RESEARCHES  ON    REACTION-TIME. 

BY 

E.   w.   Scripture. 

From  time  to  time  various  problems  present  themselves  in  connection 
with  the  study  of  the  time  of  mental  processes.  It  has  been  my  custom 
to  assign  some  of  these  problems  to  spe<  ial  students.  The  work  is  done 
under. my  personal  direction,  and,  almost  without  exception,  I  serve  as 
the  subject  or  the  experimenter. 

Influence   of  a  constant  electric  current   through    the  head. 

(John  L.   Burnham.) 

The  city  supply  (no  volts,  direct)  was  used  as  the  source  of  current. 
One  wire  was  led  to  the  binding  post  of  a  graphite  resistance  which  regu- 
lated the  amount  of  current.  This  graphite  regulator  comprised  a  plate 
of  ground  glass  sliding  in  a  grooved  frame.  Lines  of  different  thickness 
were  drawn  with  a  lead  pencil  on  the  glass.  By  moving  the  glass  anyone 
of  these  lines  could  be  placed  under  the  springs  connected  with  the  two 
binding  posts,  whereby  a  resistance  of  any  desired  amount  could  be  in- 
troduced into  the  circuit. 

The  current  was  made  to  pass  through  an  Edelmann  milliampere- 
meter  indicating  directly  the  quantity  of  current  used.  The  poles  were 
two  sponge  electrodes.  A  commutator  permitted  the  change  in  direction 
of  the  current  and  a  liquid  resistance  rendered  it  possible  to  gradually 
apply  or  remove  the  current  without  shock,  and  without  the  knowledge 
of  the  subject. 

In  all  the  experiments  where  electricity  was  used,  the  records  were  so 
divided  that  the  experiments  without  electricity  (with  the  electrodes  still 
in  place  but  no  current  on)  were  interposed  between  two  sets  of  the 
records  of  electricity,  or  else  the  start  and  finish  would  be  made  without 
electricity  while  the  current  was  used  for  the  middle  records.  Thus  any 
lingering  effect  of  the  stimulus  or  any  mental  disturbance  from  the  elec- 
trodes was  neutralized.  These  experiments  were  conducted  during  the 
month  of  February,  1S96. 

The  tests  for  the  effect  of  the  current  were  :  simple  reaction-time  and 
complex  reaction-time.     The  shutter  of  the  pendulum   chronoscope  ex- 
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posed  a  colored  disc  and  the  subjected  reacted  by  pressure  on  the  knob 
at  the  back  of  the  instrument1.  For  complex  reaction-time  one  of  two 
colors  was  exposed,  the  subject  being  required  to  react  to  one  and  not  to 
the  other. 

Table  I. 
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Unit,  thousandth  of  a  second. 
O,  subject  of  experiment. 
Ft  date  in  February,  1896. 
ma,  milliamperes. 

S,   simple    reaction-time    without    elec- 
tricity. 
Sf>  simple  reaction-time  with  electricity. 


C,  complex  reaction-time  without  elec- 
tricity. 

Ce,  complex  reaction-time  with  elec- 
tricity. 

d,  mean  variation. 

n,  number  of  experiments  in  each  set. 


A  glance  at  the  above  table  will  show  an  almost  universal  quickening 
of  both  the  simple  and  complex  times  under  the  stimulus  of  the  electric 
current.     A  general  quantitative  statement  of  the  amount  is  not  possible 
owing  to  variations  in  the  conditions  of  different  experiments. 

It  will  be  noticed  that  in  the  table  there  are  some  negative  results  with 
the  moderate  currents.  Again,  the  effect  of  the  electric  current  varies 
greatly  on  different  people  and  seems  also  to  affect  the  same  person  to 
different  degrees  at  different  times.  For  example,  subject  D.,  who  took  7 
milliamperes  on  February  5,  with  no  hesitation,  felt  that  he  was  being 


1  Scripture,  Some  new  apparatus,  Stud.  Yale  Psych.  Lab.,  1895  III  98. 
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hurt  with  loss  than  half  that  amount  a  week  later  and  was  willing  to  per- 
form the  experiment  with  only  0.3  of  one  milliampere. 

However,  in  viewing  all  the  results,  the  few  conflicting  records  are 
lost  sight  of  and  the  conclusion  seems  to  be  clearly  indicated  that 
the  electric  current  shortens  both  the  simple  reaction-time  and  the  com- 
plex time.  Beyond  this,  by  the  introspective  testimony  of  several  of  the 
subjects,  there  was  a  decided  feeling  of  refreshment  after  the  application 
of  the  electric  current,  the  person  feeling  better  at  the  close  than  at  the 
beginning  of  the  experiment.  In  only  one  case,  where  a  high  current 
of  9  milliamperes  was  used  (no  reliable  records  could  be  taken),  vertigo, 
double  vision  and  the  peculiar  metallic  taste  were  noticed  by  the  subject. 

From  these  experiments  we  might  perhaps  conclude  that  the  brain  was 
directly  stimulated  and  quickened  in  its  processes.  Nevertheless,  in  con- 
siderat-ion  of  the  unusual  character  of  the  case,  we  prefer  at  the  present 
time  not  to  go  beyond  the  statement  that  for  some  unknown  cause  the 
reactions  were  quicker  with  the  electrical  current  than  without  it. 

Influence  of  fatigue. 

The  term  "  fatigue"  is  used  in  different  senses.  It  may  mean  the  con- 
dition of  body  and  mind  resulting  from  the  presence  of  certain  toxic 
products  in  the  blood.  This  kind  of  fatigue  may  arise  from  the  activity 
of  the  organism  itself  in  mental  or  bodily  work,  or  it  may  arise  by  the 
transfusion  of  blood  from  an  already  fatigued  organism.1 

Fatigue  is  also  used  to  mean  a  direct  deterioration  in  the  functional 
activity  of  the  whole  organism  or  of  some  part  of  it.  When  the  just  per- 
ceptible difference  is  being  repeatedly  measured  in  succession  under  the 
most  favorable  circumstances,  its  size  may  change  with  the  progress  of 
the  series  of  records.  A  change  toward  a  decreased  difference,  or  finer 
sensibility,  is  called  "a change  due  to  practice  ;"  a  change  toward  an  in- 
creased difference,  or  lesser  sensibility,  is  called  "a  change  due  to  fa- 
tigue." 

Likewise  a  lengthening  of  the  tap-time  or  reaction-time  in  a  steadily 
repeated  series — all  other  conditions  remaining  the  same — would  be 
called  "  a  change  due  to  fatigue."  It  would  seem  better  to  name  it 
directly  the  "fatigue  in  tap-time,  in  reaction-time,  etc.,"  because  such 
expressions  as  "due  to  fatigue,"  "  due,  to  practice,"  etc.,  convey  the 
impression  of  an  explanation  where  none  is  present. 

"  Fatigue  "  is  also  used  to' indicate  a  complexity  of  sensations  usually 
but  not  necessarily  connected  with  toxic  or  functional  fatigue. 


1  MOSSO,  Ueber  die  Gesetze  der  Ermudung,  Arch.  f.    Physiol.    (Du  Bois-Reymond), 
1890,  89. 
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There  are  thus  three  different  phenomena  denoted  by  the  term 
•"fatigue:"  (1)  a  chemical  change  in  the  constitution  of  parts  of  the 
organism  ;  (2)  a  diminution  in  functional  activity  ;  (3)  a  group  of  sensa- 
tions. These  three  are  usually  connected.  Thus  the  connection  of  the 
amount  of  work  done  (and  the  consequently  available  energy  for  further 
work;  with  the  change  in  the  nerve  cells  has  been  demonstrated  by 
Hodge.1  The  connection  between  the  amount  of  work  done  and  the 
sensation  of  fatigue  is  familiar  to  every  one.  The  connection  between 
the  sensation  of  fatigue  and  the  actual  exhaustion  of  the  organism  is  not 
always  maintained ;  thus,  neurasthenia  is  treated  by  Cowles2  as  an  ex- 
hausted condition  of  the  nervous  system  accompanied  by  anaesthesia 
for  fatigue. 

In  the  following  investigations  on  reaction-time  no  regard  is  paid  to  the 
sensation  of  fatigue  ;  the  problems  are  :  ( 1 )  What  are  the  characteristics 
of  special  fatigue  in  reaction-time?  (2)  Are  these  characteristics  ob- 
servable also  in  cases  of  general  fatigue  ? 

Special  fatigue  in  reaction-time. 

(A.  E.  vox  Tobel.) 

In  several  different  measurements  closely  related  to  those. of  reaction- 
time,  e.  g.,  tap-time3,  accommodation-time4,  fatigue  has  been  observed. 
This  fatigue  may  be  a  fatigue  in  length  whereby  the  average  time  be- 
comes longer,  or  it  may  be  a  fatigue  in  regularity  whereby  the  mean  varia- 
tion becomes  larger.  The  two  kinds  of  fatigue  do  not  follow  the  same 
course  ;  in  the  experiments  of  both  Bliss  and  Moore  the  average  time 
of  tapping  is  lengthened  long  before  any  noteworthy  change  appears  in 
the  mean  variation. 

In  the  usual  experiments  on  reaction-time  an  interval  of  about  10s  rest 
follows  each  experiment  and  longer  intervals  follow  groups  of  10  or  20 
experiments.  In  this  way  fatigue  is  usually  avoided.  If,  however,  the 
experiments  are  repeated  in  close  succession  there  is  no  possibility  of 

1  IIuDGE,  A  microscopical  study  of  the  net~ve  cell  during  electrical  stimulation,  Journal 
of  Morphology,  1S94  IX  449. 

2  Cowles,  Neurasthenia  and  its  Mental  Symptoms,  Shattuck  Lecture,  Boston,  1891. 

3  Dresslar,  Some  influences  which  affect  the  rapidity  of  voluntary  movements.  Am. 
Jour.  Psych.,  1891  IV  514. 

Bliss,  Investigations  in  reaction-time  and  attention,  Stud.  Vale  Psych.  Lab.,  1893  I 

45-49- 

MOORE,  Studies  of  fatigue,  Stud.  Vale  Psych.  Lab.,  1895  III  92. 
^J  Moore,  Studies  of  fatigue,  Stud.  Vale  Psych.  Lab.,  1895  III  87. 
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rest.  Series  of  such  experiments  have  been  made'  by  Patrizi.1  The 
stimulus  occurred  at  intervals  of  2s  and  the  subject  was  to  react  as  quickly 
as  possible  each  time.  The  same  characteristics  were  found  as  in  tap- 
ping and  accommodation,  namely,  a  lengthening  of  the  average  time 
and  an  increase  in  the  mean  variation. 

It  was  determined  to  carry  the  problem  further,  and,  in  reference  to 
certain  observations  on  methods  of  inducing  hypnotic  sleep,  to  deter- 
mine in  what  particular  part  of  the  process  the  fatigue  arose.  It  was 
proposed,  therefore,  to  investigate  the  fatigue  in  the  case  of  repeated 
flashes  of  light,  and  to  determine  whether  it  is  due  to  the  muscles  of  ac- 
commodation and  convergence,  to  attention  or  to  both  muscles  and 
attention. 

The  flash  was  produced  by  a  small  Geissler  tube,  connected  with  a 
spark  coil  in  the  adjoining  room.  The  primary  circuit  of  the  coil  passed 
through  a  modified  Wundt  contact-apparatus.2  This  was  so  arranged 
that  a  revolving  arm  made  contact  at  definite  points  with  brass  blocks 
in  such  a  way  as  to  illuminate  the  tube  at  regular  intervals. 

The  tube  was  placed  on  a  table  in  the  isolated  room  andt  the  subject 
was  seated  before  it.  The  room  is  so  constructed  that  neither  light  nor 
sound  can  enter  from  the  outside.3  The  room  was  supplied  with  fresh 
air  by  a  blower,  operated  from  the  floor  below. 

A  telegraph  key  in  the  isolated  room  was  arranged  in  a  circuit  with  a 
DEPREZ-marker  which  wrote  on  the  drum  of  a  kymograph.  A  subject  was 
told  to  press  the  key  in  response  to  each  flash  ;  nothing  was  said  about  re- 
moving the  pressure.  The  pressing  of  the  key  caused  a  downward  move- 
ment in  the  point  of  the  marker  and  the  release  of  the  key  a  movement 
back  to  the  original  position.  We  thus  have  two  mental  phenomena  re- 
corded: the  first  is  the  reaction-time  from  the  moment  of  the  flash  to  the 
pressure  on  the  key ;  the  second  is  the  length  of  time  during  which  the 
subject  chooses  to  hold  the  key  down. 

The  experiments  were  continued  during  a  long  interval.  Records 
were  taken  for  a  number  of  times  at  the  beginning  and  then  for  a  number 
of  times  at  the  end.  Mr.  von  Tobel,  a  college  senior,  was  the  subject 
of  the  experiments. 

After  a  sufficient  number  of  records  had  been  taken,  the  drum 
was  allowed  to  revolve  without  being  moved  axially ;  the  reactions 
continued  as  before,  but  the  records  overlapped  and  were  not  regarded. 


•Patrizi,  La  graphique  psychomttrique  de  T attc.Uion,  Archives  ital.  de  biologie,  1894 
XXII  187. 

*WUNDT,  Physiologische  Psychologie,  II  424,  Leipzig,  1893. 

3Bli^s,  Investigations  in  reaction-time  and  attention,  Stud.  Vale  Psych.  Lab.,  1893  I  2. 
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After  the  desired  interval  the  drum  was  again  moved  axially  and  the  rec- 
ords were  separated.  The  reaction-times  were  longer  and  very  irregular. 
The  time  of  holding  was  enormously  lengthened.  As  nothing  had  been 
said  to  the  subject  concerning  releasing  the  key,  it  was  done  semi-con  - 
sciously.  The  time  of  holding  was  sometimes  so  long  that  the  subject  was 
apparently  not  fully  awake.  In  fact,  various  statements  of  the  subject 
showed  that  on  some  occasions  he  had  fallen  into  a  half-dazed  condition 
resembling  the  first  stage  of  passage  toward  hypnotic  sleep.  _ 

The  further  details  of  the  apparatus  were  the  usual  ones.  The  drum 
was  timed  by  the  Jacquet  chronometer.  The  records  were  read  in  hun- 
dredths of  a  second  ;  the  next  decimal  arising  in  the  averages  was  re- 
tained. 

In  the  first  series  of  experiments  the  room  was  kept  dark.  Both  eyes 
were  open  and  relaxed.  The  appearance  of  the  flash  caused  both  con- 
vergence and  accommodation.  In  the  next  series  one  eye  was  bandaged 
in  order  to  reduce  the  convergence  ;  it  is  an  easily  demonstrable  fact  that 
the  closed  eye  only  partially  performs  the  movement  necessary  for  con- 
vergence. In  a  third  series  one  eye  is  bandaged  as  before,  but  a  light  is 
turned  on  in  the  room  ;  as  the  subject  looks  constantly  at  the  tube  all  the 
time,  the  condition  of  accommodation  is  a  steady  one.  In  all  three 
cases  the  mental  condition  known  as  ''attention"  is  present;  in  the 
third  there  is  no  noticeable  muscular  effort  in  the  eyes ;  in  the  second 
there  is  at  each  flash  a  definite  change  of  accommodation  with  imperfect 
convergence  and  in  the  first  there  are  definite  acts  of  both  accommoda- 
tion and  convergence. 

The  first  record  was  as  follows:  No  light  in  the  room  ;  both  eyes  open  ; 
flashes  once  in  two  seconds — 


Reaction-time. 

Mean  Variation. 

Holding-time. 

At  start 

195* 

no- 

3I9<r 

After  5m 

300 

43 

753 

fatigue 

105 

32 

434 

Here  we  see  that  after  five  minutes,  or  about  150  flashes,  the  time  of 
reaction  was  increased  about  60%,  the  time  of  holding  down  the  key 
was  lengthened  about  130%,  and  the  irregularity  was  four  times  as  great. 
The  subject  states:  "During  the  experiment  I  felt  a  strong  sense  of 
contraction  between  the  eyes.  I  also  found  that  it  required  great  effort 
to  keep  the  attention  fixed  on  the  tube.  It  seemed  to  float  around  and 
move  upward." 
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The  next  record  was  taken  under  exactly  the  same  conditions,  but  was 
continued  for  io"1 — 


Reaction  time. 

Mean  Variation. 

1  tolding-time 

\i  start 
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3°4 
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The  reaction-time  increased  about  35%,  the  holding-time  over  400%,  and 
the  irregularity  300%.  "The  bodily  effects  were  much  the  same  as  be- 
fore, only  more  intense.  Tears  flowed  freely  from  the  eyes,  the  feeling 
of  contraction  between  the  eyes  became  almost  painful  and  there  was  a 
sort  of  general  lassitude  and  disinclination  to  move." 

For  the  third  record  all  conditions  were  the  same  as  before,  except  that 
one  eye  was  bandaged.  In  this  set  a  series  of  records  was  taken  after  an 
interval  of  15  minutes  also.     The  results  were  as  follows — 
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Fatigue  at 

5m 

87 

20 

354 

a           (( 

IOm 

56 

12 

455 

((          a 

i5m 

96 

21 

189 

"  In  this  series  I  felt  much  greater  effects  than  in  any  of  the  others  and 
seemed  to  approach  nearer  a  hypnotic  state.  There  was  a  general  feel- 
ing of  fatigue  all  over  the  body,  accompanied  by  a  slight  stiffness  of  the 
joints,  also  a  feeling  of  floating  off  in  the  air  or  of  dropping  off  to  sleep." 

The  last  set  of  experiments  was  taken  with  only  one  eye  open  and 
with  a  light  in  the  room,  thus  eliminating  the  acts  of  accommodation 
and  (practically)  of  convergence.      The  results  were  as  follows: 


Reaction-time. 

Mean  Variation. 

Holding-time. 

At  -tart 

2670- 

24c 

176^    . 

After  5m 

278 

io 

184 

"     iom 

296 

10 

652 

Fatigue  at 

5m 

11 

-14 

8 

<<       n 

IOm 

29 

-14 

476 

The  results  apparently  show  that  fatigue  of  attention  alone  produces 
— at  least  within  the  first  10'" — very  little  lengthening  of  reaction- 
time.     The    increased    regularity — "practice" — continues.     The    ten- 
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dency  of  the  subject   to  finally   "fall  asleep"   over  his  work  is  shown 
in  the  greatly  increased  holding-time  in  the  last  case. 

A  comparison  of  all  the  results  seems  to  indicate  the  following  con- 
clusions : 

1.  The  fatigue  in  reaction-time  increases  with  the  complexity  of  the 
adjustments  required  for  perceiving  the  stimulus.  There  is  least  fatigue 
when  only  an  effort  of  attention  is  involved,  more  when  the  act  of 
accommodation  is  added  and  still  more  when  the  act  of  convergence  is 
also  added. 

2.  The  tendency  of  the  subject  to  fall  into  a  condition  of  daze,  as 
indicated  by  the  holding-time,  depends  on  the  fact  of  repetition  of  the 
stimulus  (fatigue  of  attention?)  as  well  as  on  the  fatigue  from  the  ad- 
justments. 

The  application  of  these  results  to  the  common  methods  of  hypnotiz- 
ing requires  no  remark. 

General  fatigue  and  reaction-time. 

(John  L.   Burnham.) 

Experiments  on  simple  and  complex  reaction-time  were  made  with  the 
chronoscope  in  the  manner  previously  described  (p.  12).  The  morn- 
ing records  were  made  at  8:30,  just  before  the  duties  of  the  day  began, 
i.  e.,  just  after  breakfast  and  before  the  first  recitation  in  college.  The 
afternoon  records  were  made  at  5:30,  after  the  day's  work  had  closed 
with  a  two  hours  session  of  laboratory  work.  The  results  of  several 
series  of  experiments  are  given  in  Table  II. 


Table  II. 

Morning. 

Afternoon. 

Difference 

Subject.         6" 

d       n 

C 

d 

n 

S       d 

it 

C       d 

n 

S       C 

Smith           119 

10    60 

263 

38 

60 

127     16 

60 

309     34 

60 

8       46 

v.  Tobel      146 

16    20 

281 

43 

20 

149     10 

20 

281     29 

20 

3         0 

Burnham     128 

13    80 

256 

29 

80 

141     15 

80 

278     27 

80 

13       22 

Unit,  thousandth  of  a  second. 

C,  complex 

reaction-time. 

S,  simple  reaction-time. 

d,  mean  variation. 

The  bearing  of  this  table  of  results  is  evident.  The  table  shows  an 
average  lengthening  of  the  afternoon  records  over  those  of  the  morning 
by  io<r  in  simple  and  240'  in  complex  time.  This  is  a  loss  of  15^%  in 
one  case  and  of  17%  in  the  other. 
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It  will  be  noticed  that  general  fatigue  has  a  very  small  influence  on  re- 
action-time  as  <  ompared  with  special  fatigue. 

It  may  be  interesting  to  add  that  at  the  end  of  these  afternoon  records 
a  few  records  were  sometimes  taken  under  the  electrical  stimulus.  This 
resulted  in  a  shortening,  but  never  enough  to  bring  the  time  down  to 
that  of  the  morning.  This  seemed  to  indicate  that  the  fatigue  of  the 
mind  by  a  day's  work  is  greater  than  can  be  overcome  by  the  stimulating 
action  of  the  electrical  current,  at  least  as  used  in  these  experiments. 

Influence  of  tension  on  the  reacting  finger. 
(John  L.  Burnham.) 

The  problem  was  suggested  by  the  consideration  that  there  might  be 
some  relation  between  the  time  of  reaction  and  the  energy  of  reaction. 

The  first  set  of  experiments  took  the  form  of  a  constant  tension  applied 
to  the  reacting  linger  just  before  and  during  the  experiment,  whereby  the 
reaction  involved  the  moving  of  a  weight.  For  this  purpose  a  set  of 
pulleys  was  arranged  with  a  cord  running  over  them.  At  one  end  the 
cord  passed  through  a  tape  around  the  index  finger  of  the  reacting  hand 
and  at  the  other  a  1000s  weight  was  attached.  When  the  hand  was  put  in 
position  for  reacting,  the  weight  swung  free.  Thus  there  was  a  tension  01 
iooo8  on  the  finger  at  the  start  and  the  whole  mass  must  be  raised  by  the 
finger  as  it  pushed  the  key  in  reacting. 

The  first  three  records  were  taken  on  February  15  and  19,  1896.  The 
results  were  so  unexpected  in  various  ways  that  the  experiments  were  re- 
peated for  the  observer  E.  W.  Scripture  at  a  later  date,  April  29,  1897,. 
with  the  results  as  shown  in  the  last  record  of  the  table. 


Tahi.e 

III. 

Light. 

Sound. 

Subject. 

R 

d 

A\ 

d 

B 

R 

d 

Rk 

d 

B 

J.  B. 

127 

9 

127 

6 

0 

131 

9 

123 

8 

8- 

J.  D. 

120 

28 

107 

6 

13 

108 

8 

IOI 

7 

7 

E.  W.  S. 

152 

26 

128 

n 

24 

172 

3° 

136 

16 

36 

E.  W.  S. 

127 

12 

no 

10 

17 

132 

9 

122 

8 

10 

Weighted  mean 

132 

19 

118 

8 

14 

136 

14 

121 

10 

15 

Unit,  thousandth  of  a  second. 
R,  reaction  without  weight. 
J?k,  reaction  with  weight. 
B,  shortening  due  to  weight. 


d,  mean  variation. 

Each  figure  is  the  average  for  ten  experi- 
ments. 
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The  shortening  of  the  time  is  evident.  Another  noteworthy  fact  is  the 
increase  in  the  regularity  of  the  reactions  as  indicated  by  the  decrease  in 
the  mean  variations.  When  errors  of  the  apparatus  and  method  are 
eliminated,  the  mean  variation  is  a  mental  quantity  expressing  the  sub- 
ject's definiteness  of  perception  and  response.1  This  definiteness  makes 
up  a  large  part  of  the  vague  group  of  phenomena  which  goes  under  the 
name  of  "  attention. ' ' 

The  following  conclusions  seem  justifiable  : 

1 .  Increased  definiteness  of  the  act  to  be  performed  shortens  the  time 
required  to  begin  it.  In  the  case  of  the  experiments  with  sound  the 
action  of  the  weight  lay  mainly  or  entirely  in  forcing  "attention"  to 
the  finger  to  be  moved.  This  was  distinctly  felt  by  the  subject.  When 
the  weight  was  removed,  the  subject  noticed  the  increased  difficulty  of 
attending  to  the  movement.  The  shortening  in  time  was  8^  in  the  case 
of  sound. 

2.  Increased  definiteness  of  the  expectant  image  of  the  sensation 
shortens  the  time  required  for  responding  to  it.  In  the  experiments  on 
sight  the  stimulus  was  just  above  .the  finger  and  any  increased  attention 
would  include  it  also.  It  could  be  directly  observed  introspectively  that 
the  strain  on  the  finger  forced  attention  to  the  place  just  behind  it  where 
the  signal  was  to  appear.  The  decreased  ease  of  attention  when  the 
weight  was  removed  was  noticed  here  also. 

3.  The  reaction-time  decreases  as  the  mental  tension  increases.  This 
follows  from  the  preceding  conclusions.  It  is  still  more  strongly  brought 
out  by  the  following  facts  : 

a.  Reactions  with  the  pendulum  chronoscope  are  always  quicker  than 
with  other  methods.  This  can  be  seen  by  comparing  these  figures 
with  those  obtained  (p.  17)  by  use  of  the  graphic  method  and 
the  isolated  room.  This  fact  has  been  repeatedly  noticed  on  various 
persons.  An  example  of  the  short  time  required  is  seen  in  the  average 
of  179*  for  19  students  (p.  10).  A  similar  statement  is  true  of  Gilbert's 
results  with  his  reaction-board.2  The  explanation  is  not  hard  to  find. 
When  the  subject  is  placed  in  a  quiet  room  away  from  all  excitement, 

^his  view,  definitely  advocated  and  explained  in  The  New  Psychology,  London, 
1897,  has  for  several  years  been  part  of  my  regular  teaching.  It  is  implied  in  the  calcu- 
lations published  by  Gilbert  in  Stud.  Yale  Psych.  Lab.,  1894.  II  77  etc.,  and  by 
Moore  in  the  same,  1895  III  76.  Definite  explanations  of  the  meanings  and  relations 
of  what  I  have  termed  the  "  individual  mean  variation,"  and  the  "  statistical  mean  varia- 
tion" are  given  in  the  Zt.  f.  Psych,  u.  Physiol,  d.  Sinn.,  1896  X  163  ;  see  also  the  sum- 
mary to  Nadi.er's  article  on  p.  8  above. 

2  Gilbert,  Researches  on  the  mental  and  physical  development  of  school-children,  Stud. 
Yale  Psych.  Lab.,  1894  II  78. 
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there  is  nothing  for  him  to  do  but  to  sit  at  ease  till  the  warning  for  work 
arrives,  and  he  falls  into  a  more  or  less  comfortable  or  relaxed  condition  of 
mind  and  body  which  is  decidedly  contrasted  with  that  experienced  with 
the  apparatus  and  experimenter  at  his  very  face.  The  tense  condition  of 
mind  under  such  circumstances  is  very  evident  to  every  one  who  reacts  at 
the  chronoscope. 

/'.  The  shortening  of  the  reaction-time  becomes  especially  marked  in 
reactions  to  sight.  The  presence  of  the  sight-shutter  just  above  the  react- 
ing finger  is  conducive  to  the  strictest  attention.  The  reactions  to  sound 
do  not  gain  in  a  similar  manner,  and  thus  it  frequently  results  that  a 
subject's  reaction  to  sight  is  shorter  than  that  to  sound. 

Influence  of  the  amount  of  effort. 

(Gerry  R.  Holden.) 

The  experiments  with  the  strain  on  the  finger,  reported  in  the  preced- 
ing section,  had  been  planned  for  the  purpose  of  solving  the  problem 
of  the  influence  of  the  amount  of  effort  on  the  time  required  for  reacting. 
The  records  proved  from  the  start  just  the  reverse  of  what  was  expected, 
and  it  soon  became  clear  that  the  constant  strain  on  the  finger  produced 
an  increase  in  attention  which  entirely  overbalanced  any  effect  of  the  in- 
creased effort. 

Experiments  were  now  planned  in  which  there  was  no  strain  on  the 
finger  before  the  reaction  and  in  which  the  subject  was  placed  in  the  iso- 
lated room  utterly  away  from  the  apparatus.  Both  factors  of  the  increased 
attention  in  the  previous  experiments  were  now  eliminated. 

The  reaction-key  was  made  from  a  double  contact  telegraph  key  by 
lengthening  the  rear  arm  of  the  lever.  A  cord  was  attached  to  the  lever 
and  weights  could  be  hooked  at  the  end.  The  back  contact  of  the  key 
supported  the  weight  until  the  knob  was  pressed.  Pressure  on  the  knob 
broke  the  contact,  and  lifted  the  weight  at  the  same  moment. 

The  graphic  method  of  recording  by  means  of  the  multiple  key  was 
used.1  Pressure  on  the  multiple  key  in  the  experiment  room  closed  a 
sounder  circuit,  broke  the  primary  circuit  of  a  spark  coil  and  immediately 
closed  it  again.  A  spark  was  thus  made  on  the  time-line  of  the  drum  at 
the  moment  of  sending  the  current  through  the  sounder,  which,  with  a 
correction  for  the  latent  time,  gives  the  moment  of  the  sound  in  the 
isolated  room.  The  subject  broke  the  same  primary  circuit  and  made  a 
second  spark  on  the  time-line. 

1  BLISS,  Investigations  in  reaction-time  and  attention,  Stud.  Yale  Psych.  Lab.,  1893 
I  10.     The  latest  model  of  this  key  is  described  below  among  the  new  apparatus. 
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The  subject's  finger  rested  upon  the  key  with  no  exertion  and  no  ten- 
sion of  the  muscles.  Experiments  were  made  at  intervals  of  1 5s.  Each 
experiment  was  preceded,  as  usual,  by  a  warning.  An  interval  of  about 
iom  (during  which  the  ventilating  blower  drove  fresh  air  into  the  room) 
was  taken  for  rest  after  each  set  of  25  or  30  experiments.  Smaller  rest 
intervals  occurred  as  the  weight  was  changed.  Practice  and  fatigue  were 
compensated  in  the  usual  way  by  the  order  of  the  experiments. 

Each  set  of  records  for  any  one  weight  was  preceded  by  experiments 
(not  recorded)  with  the  same  weight  in  order  to  produce  in  the  mind  of 
the  subject  a  definite  idea  of  the  effort  to  be  exerted. 


Table  IV. 

ioo« 

200B 

500s 

IOOO« 

1500s 

R       d      n 

R 

d 

ii 

A'      d     n 

R      d 

ft 

R      d       n 

Holden 

168    17    47 

171 

13 

19 

191     22    21 

173     12 

34 

166     15     19 

Scripture 

179    12     14 

232 

2 

2 

218    35      9 

260    45 

7 

203     19     15 

Seashore 

165    24      6 

187      22        8 

Unit,  thousandth  of  a  second. 

d,  mean  variation. 

R,  reaction-time. 

//,  number 

of  measurements 

The  conclusion  to  be  drawn  is  different  from  the  one  expected.  No 
definite  relation  is  to  be  found  between  the  amount  of  effort  and  the 
time  of  reaction,  the  results  being  irregular  and  contradictory.  Careful 
observation  showed  the  source  of  the  irregularity.  The  finger  being  in  a 
passive  condition,  it  was  necessary  for  the  muscles  and  joints  to  do  con- 
siderable work  before  the  movement  began.  Moreover,  the  soft  tissues 
at  the  end  of  the  finger  would  yield  considerably  before  the  key  would 
move.  Not  only  was  time  consequently  lost,  but  the  complicated  adjust- 
ments, especially  for  the  heavier  weights,  rendered  the  records  irregular. 
Thus,  although  the  method  of  obtaining  the  definite  effort  had  been 
found,  the  method  of  recording  the  result  was  not  adequate  for  the  pur- 
pose for  which  the  work  was  undertaken.  The  figures,  however,  prove 
one  very  important  fact,  namely,  that  the  tension  of  the  spring  of  the 
telegraph  key  alters  the  record  for  the  reaction-time.  Some  definite 
standard  tension  must  be  adopted  if  results  by  different  observers  and 
on  different  occasions  are  to  be  comparable.  The  tension  of  o  would 
appear  to  be  the  best  for  adoption.  This  is  the  case  in  the  slide  reaction 
key1  and  in  a  telegraph  key  adjusted  so  that  the  back  contact  rests  in 
place  with  little  or  no  tension  of  the  spring. 


1  SCRIPTURE  AND  Moore,  A  new  reaction-key   and  the  time  of  voluntary  movement, 
Stud.  Yale  Psych.  Lab.,  1893  I  88. 
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The  nexl  step  was  to  eliminate  the  effect  of  strain  on  the  finger.  This 
was  done  by  having  the  subject  always  react  with  a  key  of  no  tension  ; 
the  telegraph  key  was  used  in  order  not  to  introduce  any  further  change. 
The  linger  necessarily  remained  passive,  as  the  key  responded  to  the 
slightest  movement.  The  subject  reacted  in  alternate  sets  with  two  de- 
es of  voluntary  effort.  The  degrees  were  defined  as  "light"  and 
•■  strong  :  '"  the  intention  was  to  make  the  effort  correspond  somewhat  to 
the  extremes  of  o  and  the  heaviest  weight  in  the  previous  set,  but  no 
measurements  were  made  on  the  actual  energy  of  effort. 
The  results  are  given  in  Table  V. 


Table 

V. 

Subject. 

Light  effort 

Strong  effort 

R         d 

/! 

R 

d 

11 

D 

I  [olden 

158         10 

26 

M3 

8 

27 

15 

Scripture 

179         16 

I? 

154 

19 

18 

25 

Seashore 

168        is 

9 

137 

21 

6 

31 

Fisher 

626        25 

5 

375 

41 

6 

241 

Unit,  thousandth  of  a  second. 

R,  reaction-time. 
1/.  mean  variation. 


;/,  number  of  measurements. 
D,  decrease  in  R  for  strong  as  compared 
with  light  effort. 


The  figures  for  the  colored  janitor.  Fisher,  are  interesting.  Having 
been  accustomed  for  several  years  to  serve  as  subject  in  exercises  and  in- 
vestigations, he  is  perfectly  at  home  in  the  work  and  yet  has  no  interest 
or  concern  in  the  experiment  beyond  carrying  out  the  instructions ;  these 
facts  make  his  record  very  reliable.  His  unusually  long  reaction-time 
has  been  observed  for  several  years. 

The  problem  has  thus  found  a  definite  solution  :  the  intensity  of  the 
effort  affects  the  reaction-time,  making  it  shorter  for  the  greater  intensity. 


Simple  and  cortical  reaction-time. 
(Howard  F.  Smith,  M.D.) 

The  determination  of  the  time  of  a  motor  response  to  a  direct  stimu- 
lation of  the  cerebal  cortex  and  a  comparison  of  this  time  with  the  sim- 
ple reaction-time  of  the  subject  would  apparently  lead  to  certain  con- 
clusions concerning  the  relation  between  mental  and  cerebral  processes. 
The  attempt  has  been  made  in  the  following  manner. 

A  cat  was  held  quietly  in  the  hands  of  an  assistant.  A  double  pointed 
platinum  electrode  was  rested  against  the  skin  at  a  suitable  point.      A 
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touch  key1  was  rested  against  the  same  member  in  such  a  way  that  a 
movement  would  break  an  electric  circuit.  The  electrode  was  connected 
with  the  secondary  coil  of  an  inductorium  ;  an  interrupted  current  was 
sent  through  the  primary  coil.  The  inductorium  was  so  connected  with 
the  chronoscope  that  the  electrodes  stimulated  the  skin  as  the  index 
passed  the  zero  point.  The  touch  key  was  connected  with  the  magnets 
that  stop  the  index.  Thus,  when  the  pendulum  was  released,  a  moderately 
noticeable  (but  not  painful )  electric  shock  was  given  to  the  foot  or  the  lip, 
and  the  consequent  reaction  by  withdrawing  the  leg  or  raising  the  head 
broke  the  circuit  of  the  touch  key  and  made  a  record  on  the  chronoscope. 

The  first  experiments  were  made  on  a  cat  weighing  nearly  three  kilo- 
grams. The  stimulus  was  applied  (1)  to  the  right  fore  foot  with  the  key 
against  the  elbow;  (2)  to  the  right  hind  foot,  with  the  key  pressed 
against  the  heel;  (3)  to  the  upper  lip  with  the  key  on  the  top  of  the 
head.  The  results  were  (d,  mean  variation  ;  //,  number  of  experiments)  : 
Tight  fore  foot,  96°"  ("  =  0.001s,  d  =  26°",  ;/  =  7  )  ;  right  hind  foot, 
116°"  (d=  380",  //  =  4)  ;  lip,  61*  (d  =  9*,  n  =  7). 

The  next  experiments  were  made  with  a  cat  weighing  four  kilograms. 
The  results  were:  right  fore  foot,  41*  (</=  20',  72=3);  right  hind 
foot,  d2a  (d=  o,  n  =  4)  ;  lip,  62*  (d=  8°",  ;/  =  5). 

With  the  second  cat  we  proceeded  to  a  determination  of  the  cortical 
reaction-time  by  etherizing  the  animal  in  the  usual  way. 

Before  the  operation  was  begun  but  after  the  etherization  (surgical  de- 
gree) had  been  effected,  the  experiments  on  sensory-motor  reaction  were 
again  tried  with  the  same  intensity  of  stimulation.  No  response  was  re- 
ceived anywhere  except  from  the  ear,  57°"  (d  =  8°,  11  =  2). 

It  is  a  curious  fact  that  the  muscle  here  involved,  the  Retrahens  attrem, 
is  one  which  man  has  practically  lost  the  use  of.  When  the  temporal 
muscle  was  laid  bare  by  the  operation,  it  was  found  to  respond,  when 
stimulated  directly,  with  a  time  of  63°  (d?=  11%  ;/ =  3). 

The  cortex  was  then  exposed  by  the  usual  surgical  procedure.  The  motor 
■centers  were  found  by  the  electrode  and  the  key  was  applied  in  such  a 
manner  as  to  record  the  movements.  The  movements  produced,  how- 
ever, were  not  quite  the  same  as  those  used  for  the  sensory-motor  re- 
action. The  results  were  :  supination  of  right  fore  leg,  i84a  (;/=7<r, 
#=2)  ;  advance  of  right  hind  leg,  1610'  (d=26(T,  //=6)  ;  raising  of 
head,  t,^  (d=l7(T>  n=2)  '>  elevation  of  right  side  of  upper  lip,  ^ 
(d=6a,  n=6)  ;  closing  of  right  eye,   6i°"  (//=  1 1^,  #=3). 

We  notice,  first,  the  remarkably  quick  reaction  of  the  cat,  being  as  quick 

1  Scripture,  Some  new  apparatus,  Stud.  Vale  Psych.  Lab.,  1895  III  108. 
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as  4 \a  for  the  right  fore  foot.  This  may  be  compared  with  that  of  89"  for 
a  dog  about  twi<  e  .is  large  as  the  cat1  ;  it  is  far  below  the  time  for  human 
beings,  which  rarely  falls  as  low  as  ioo".  We  next  notice  that  the  second 
cat.  though  larger,  was  much  the  quicker  in  each  kind  of  reaction.  In 
both  cases  the  hind  toot  was  20"  slower  than  the  fore  foot.  This  is 
analogous  to  results  obtained  by  Cat  11:1  1,  and  DOLLEY  for  human  beings.' 

Etherization  destroys  the  reactions,  presumably  by  cutting  off  the  sen- 

j  half.  It  seems,  also,  that  it  seriously  affects  the  motor  centres,  as 
the  cortical  reaction  for  the  hind  leg  was  ioo<r  longer  even  than  the 
<  omplete  reaction  before  etherization.  It  would  be  difficult  to  draw  any 
conclusion  concerning  the  relative  portion  of  the  complete  reaction-time, 
which  is  used  by  the  cortical  reaction.  Even  if  we  assume  that  the  corti- 
i  al  time  is  one-half  of  the  complete  time  (  probably  by  far  too  great  a  pro- 
portion), we  have  33aX  2  =  66*  for  the  head-movement  corresponding  to 
the  lip  stimulation  with  raising  head,  which  yielded  only  41*.  The  dis- 
crepancy is  undoubtedly  due  to  the  retardation  caused  by  the  use  of  ether. 

In  conclusion  we  may  point  out  the  peculiar  importance  of  such  re- 
searches as  these  for  physiological  psychology.  For  experimental  psy- 
chology as  applied  to  man  the  simple  reaction-time  consists  of  a  process  or 
sensation  (  perception)  and  one  of  volition.  For  physiology  the  reaction 
consists  in  transmission  of  the  irritation  to  the  brain,  various  processes  in 
the  brain  and  transmission  of  an  impulse  to  the  muscles.  What  is  the  re- 
lation between  the  two  sets  of  simultaneous  phenomena?  As  an  example 
of  some  of  the  problems  that  present  themselves  in  this  respect,  we  may 
mention  that  of  the  character  of  the  "motor  centers"  of  the  cortex. 
Are  they  truly  motor  centers  governing  the  muscles  directly  or  are  they, 
rather,  sensory  centers  from  which  impulses  proceed  to  motor  centers  at 
lower  points  in  the  brain?  In  terms  of  time  are  they  connected  with 
earlier  or  later  processes  in  the  reaction?  We  may  hope  some  day  to 
answer  the  question  by  experimental  means. 

Perhaps  the  most  important  bearing,  however,  of  these  experiments  is  to 
be  found  in  the  fact  that,  following  Weyer's  investigation,  they  show  the 
possibility  of  applying  some  of  the  psychological  methods  to  the  study  of 
animals.  It  is  the  firm  belief  of  the  editor  of  the  Studies  that  a  quantita- 
tive science  of  comparative  psychology  can  be  established  by  the  proper 
development  and  modification  of  the  methods  of  experimental  psychology. 

l\V EYER,  Some  experiments  on  the  reaction-time  of  a  dog,  Stud.  Yale  Psych.  Lab., 
1895  III  96. 

2Cattf.li.  and   Dolley,    Oh    reaction-times  and  the  velocity  of  the  nervous  impulse, 

Memoirs  of  the    I  .  s    Nat.  Acad,    of   Sciences,  1896  VII  404;    previously  summarized 
in  the  Psych.  Rev.,  1894  I  159. 


INFLUENCE  OF  THE   RATE  OF   CHANGE    UPON   THE  PER 
CEPTION  OF  DIFFERENCES  IN  PRESSURE 
AND   WEIGHT. 
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Among  those  who  have  experimentally  advanced  our  psychological 
knowledge  of  the  effects  of  very  slow  rates  of  change  in  the  stimulation 
of  the  senses  are  Heinzmann1,  Fratscher2,  Prever3  and  Sedgwick4. 
More  or  less  systematic  investigations  have  been  made  on  changes  be- 
tween the  slowest  perceptible  and  the  instantaneous  ones  by  Prever5, 
Hall  and  Donaldson6,  Hall  and  Motora7,  Scripture8,  Stern9  and 
Stratton10. 

Research  on  this  subject  has  demonstrated  several  general  facts:  (i) 
The  tendency  of  sensation  to  vary  with  the  rate  of  stimulation  is  not 
primarily  a  peculiarity  of  any  particular  sense,  because  it  is  determined 
by  general  mental  factors  which  enter  into  the  perception  of  weak  stimuli 
of  all  the  senses  in  a  similar  manner.  (2)  The  main  value  of  knowledge 
of  the  laws  here  obtained  does  not  lie  in  the  acquaintance  with  the  func- 
tioning of  the  particular  sense  organs  that  they  furnish,  but  rather  in  that 


1  Heinzmann,  Ueber  die  Wirkung  se/ir  allmdliger  Aenderungen  thermischer  Reize  auf 
die  Empfindungsnerven,  Archiv  f.  d.  ges.  Physiol.  (Pfliiger),  1872  VI  222. 

2  FRATSCHER,  Ueber  continuirliche  und  langsame  Nervenreizung,  Jenaische  Zeitschrift 

f.  Naturwissenschaft,  1875  IX  (n.  F.  II)  130. 

8Preyer,  Die  Empfindung  ah  Function  der  Reizanderung,  Zt.  f.  Psych,  u.  Physiol, 
der  Sinn.,  1894  VII  241. 

4  Sedgwick,  On  the  variation  of  reflex  excitability  in  the  frog  induced  by  changes  of 
temperature,  Stud,  from  the  Biol.  Lab.,  Johns  Hopkins  Univ.,  1882,  385. 

5  Preyer,  Die  Grenzen  der  Tonwahmehmung,  Jena  1876. 

6  Hall  AND  DONALDSON,  Motor  sensations  on  the  skin,  Mind,  1885  X  557. 

7  Hall  and  MOTORA,  Dermal  sensitiveness  to  gradual  pressure  changes,  Am.  Jour. 
Psych.,  1887  I  72. 

8  Scripture,  On  the  method  of  minimum  variation,  Am.  Jour.  Psych.,  1892  IV  577; 
Ueber  die  Aenderungsempfindlichkeit,  Zt.  f.  Psych,  u.  Physiol,  d.  Sinn.,  1893  VI  472. 

9  Stern,  Die  Wahmehmung  von  Helligkeitsverdnderiuigen,  Zt.  f.  Psych,  u.  Physiol. 
d.  Sinn.,  1894  VII  249  and  395  ;  Die  Wahmehmung  von  Bewegungen  vermittelst  des 
Auges,  same  volume  p.  321,  and  Die  Wahmehmung  von  Tonveranderungen,  same,  1896 
XI   1. 

10  Stratton,  Ueber  die  Wahmehmung  von  Druckanderungen  bet  verschiedenen  Ge- 
schivindigkeiten,  Phil.  Stud.,  1896  XII  525. 
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they  become  accessory  means  by  which  we  may  investigate  the  involved 
central  conditions  of  sensational,  emotional  and  voluntary  reaction.  (3) 
There  arc  probably  three  stages  of  this  time  influence  for  all  senses,  (a) 
The  threshold  for  the  preception  of  instantaneous  change  is  generally  lower 
than  the  threshold  for  any  gradual  change,  (b)  A  gradual  change  may 
be  so  slow  that  it  cannot  be  perceived  in  any  period  during  which  it  may 
be  studied,  even  though  the  compared  stimulus  may  be  raised  to  several 
times  the  intensity  of  the  standard  and  in  some  cases  produce  fatal  re- 
sults, (c)  The  variation  of  sensitiveness  in  the  region  between  these  two 
extremes  of  change  depends  upon  several  complex  central  and  peripheral 
conditions  with  reference  to  which  it  must  be  defined. 

The  present  report  is  upon  experiments  in  two  different  senses,  pres- 
sure and  muscle  sense,  in  which  gradual  changes  are  compared  with  each 
other  and  with  instantaneous  change.  The  investigation  was  in  progress 
in  the  Vale  Psychological  Laboratory  from  October,  1895,  to  February, 
1897. 

I.  Kll  It  I  OF  THE  RATE  OF  CHANGE  UPON  THE  PERCEPTION  OF  INCREASE 

IN  PRESSURE.  v 

The  object  of  this  first  series  of  experiments  is  to  determine  the  law  of 
sensitiveness  to  increase  in  pressure  when  the  increase  is  made  at  various 
representative  rates  of  gradual  change.  The  problem  requires  the  follow- 
ing experimental  conditions:  (1)  an  initial,  standard  pressure  over  a 
definite  area;  (2  )  a  uniform  increase  in  this  at  several  desired  rates  with- 
out any  other  disturbance  of  the  original  pressure;  and  (3)  the  means  of 
varying  the  rate  and  amount  of  increase.  After  considerable  preliminary 
work  I  found  that  these  conditions  were  best  fulfilled  by  a  hydrostatic 
balance.  The  one  used  is  constructed  on  the  principle  that  a  solid  body, 
gradually  immersed  in  a  liquid,  loses  weight  in  proportion  to  the  displace- 
ment of  the  liquid.  It  will  be  described  in  parts  for  convenient  reference 
in  the  successive  series  of  experiments. 

Apparatus  A . 

1.  The  graduated  tube.  This  consists  essentially  of  a  vertical  glass 
tube,  continued  at  the  lower  end  by  a  U-shaped  metal  tube  which  is 
terminated  by  metal  nozzles.  The  vertical  tube  has  an  inside  diameter 
of  42"""  and  is  555"""  long.  The  curved  tube  has  an  inside  diameter  of 
25"""  and  the  radius  of  its  curvature  is  120""".  There  is  an  outlet  at  the 
lowest  point  of  this  tube  through  which  the  water  may  be  conducted  into 


Influence  of  the  rate  of  change.  29 

an  escape  tube  by  opening  a  pinch  cock.  The  free  end  of  the  U-tube  is 
adjusted  for  the  insertion  of  nozzles  to  regulate  the  stream  of  water  which 
shall  pass.  These  are  interchangeable  brass  cylinders  inserted  in  the 
lower  end  of  a  rubber  tube  which  leads  from  a  reservoir  of  water.  In 
the  upper  part  they  have  an  inside  diameter  of  6mm,  but  through  the 
lower  end  they  have  a  smaller  bore  ;  the  five  here  used  vary  in  a  series 
according  to  the  standard  drill  gauge  numbers:  60,  45,  30,  15  and  1 
with  diameters  of  i.omm,  2.imm,  3.3""°,  4-6mm  and  5.8"""  respectively. 
Thus  five  different  rates  of  flow  may  be  obtained  by  using  successive 
nozzles.  The  purpose  of  the  U-tube  is  to  break  and  quiet  the  stream. 
The  straight  tube  carries  a  graduated  scale  of  heights. 

2.  The  balance.  A  very  delicate  balance  is  constructed  of  a  steel  rod, 
diameter  2mm,  and  length  410""",  with  the  fulcrum  at  the  middle.  It  is 
supported  on  knife-edge  bearings  and  braced  by  a  diamond  shaped  frame- 
work of  fine  steel  wire.  Light  hooks  are  inserted  at  the  two  extremities 
to  serve  as  means  for  the  attachment  of  parts  to  be  balanced. 

3.  The  float.  This  is  a  metal  tube  suspended  from  one  end  of  the 
balance  beam  inside  of  the  graduated  tube.  It  causes  a  displacement  in 
the  liquid  as  it  is  gradually  immersed.  It  is  smooth  and  uniform,  in  this 
series  8.imm  in  diameter  and  450"1"1  long  and  heavy  enough  to  retain  a 
steady  vertical  position  in  water.  Its  bottom  ends  in  a  tapering  hard 
rubber  point  which  reduces  the  friction  and  upward  pressure  of  the 
stream. 

4.  Stimulus  rod.  The  float  is  counterbalanced  on  the  other  end  of 
the  balance  by  a  similar  metal  tube  which  carries  the  pressure  point  on 
its  lower  end.  A  tube  is  chosen  because  it  gives  rigidity  to  the  pressure 
point ;  it  may  also  serve  as  a  receptacle  for  weights.  The  point  is  a  hard 
rubber  cylinder,  of  5mm  diameter,  whose  edges  are  not  rounded  off  but 
dulled  by  a  light  buffing. 

5.  The  graduated  scale.  Readings  of  the  pressure  are  made  on  a 
millimeter  scale  attached  to  the  graduated  tube.  The  zero  point  of  the 
scale  is  at  the  surface  of  the  water  when  the  balance  is  in  a  horizontal 
position  and  the  lower  end  of  the  float  is  immersed  to  a  point  just  above 
the  tapering  end.  Since  the  diameter  of  the  float  and  the  specific  gravity 
of  the  water  are  known,  the  readings  of  the  height  of  the  column  of  water 
in  millimeters  are  readily  converted  into  grams  of  pressure  as  exerted  by 
the  pressure  point. 

6.  The  guide  lever.  The  float  end  of  the  balance  may  be  fixed  rigidly 
at  the  point  of  equilibrium  by  means  of  a  spring  lever.  The  place  to  be 
stimulated  can  be  brought  within  a  definite  distance  of  the  pressure  point. 
Releasing  the  lever  releases  the   balance  which   transfers  the   standard 
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weight    to   the   point   pressed  at  a  definite  time  and  with  a  regulated 
momentum. 

7.  The  inlet  and  outlet  clamps.  Ordinary  pinch  clamps  are  used  for 
these  purposes. 

In  order  to  test  the  rate  of  How  through  a  nozzle  it  is  necessary  to 
apply  some  time-measuring  instrument  to  the  apparatus.  An  electric 
key  is  fitted  up  which  makes  the  circuit  the  moment  the  water  begins  to 
How.  It  consists  of  one  of  the  above  pinch  clamps  furnished  with  an  ad- 
justable make-contact. 

8.  The  fountain.  The  water  reservoir  is  placed  three  meters  above 
the  outlet  in  order  to  secure  an  approximately  constant  flow  even  when 
there  is  some  difference  between  the  levels  at  the  two  extremities.  The 
reservoir  is  a  shallow  vessel  holding  160  liters  of  water  the  surface  of  which 
can  without  inconvenience  be  kept  within  ±  50'""1  of  a  constant  point.  A 
rubber  hose  of  18"""  inside  diameter  conducts  the  water  in  a  vertical 
column  to  the  apparatus.  A  piece  of  smaller  and  more  flexible  tube  is 
used  just  above  the  nozzle  where  the  inlet  pinch  clamp  is  applied. 

9.  The  hand  rest.  This  is  a  special  support  to  be  used  when  the  outer 
surface  of  the  index  finger  is  to  be  experimented  upon.  It  is  so  con- 
structed that  the  index  finger  and  the  thumb  may  rest  upon  a  support  and 
the  other  fingers  brace  themselves  firmly  and  comfortably  so  as  to  obtain 
perfect  stillness  of  the  index  finger  without  interfering  with  its  circulation. 
A  wooden  cylinder  stands  on  a  base  board  and  carries  on  its  top  a  hard 
rubber  plate  2mm  thick.  The  thumb  and  index  finger  rest  upon  this  plate 
and  the  other  fingers  grasp  the  pillar  below,  while  the  forearm  and  side 
of  the  hand  rest  upon  the  base. 

Experiments. 

The  rate  of  change  was  varied  in  successive  steps  while  the  other  ex- 
perimental factors  were  kept  constant.  Five  rates  were  selected  such 
that  the  slowest  was  as  slow  as  could  generally  be  perceived  upon  the 
present  standard  and  the  fastest  as  fast  as  the  present  apparatus  and 
method  would  admit.  The  other  rates  were  taken  between  these  two  ex- 
tremes so  that  the  increase  in  pressure  per  second  upon  a  standard  of  5* 
by  the  respective  rates  was  as  follows:  o.i8e,  i.iog,  2.85s,  4-^3l?,  and 
6.631.  The  standard,  or  initial  pressure,  of  5g  was  applied  to  a  circular 
area  5"""  in  diameter  on  the  outer  side  of  the  middle  of  the  third  phalanx 
of  the  right  hand  index  finger.  The  hand  support  was  so  adjusted  that 
the  finger  in  position  upon  it  came  as  near  the  stimulus  point  as  it  could 
without  touching,  or  about  0.3""". 

The  observer  and  the  experimenter  sat  on  opposite  sides  of  the  table 
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with  an  opaque  screen  between  them.  The  observer  occupied  a  comfort- 
able position  with  his  finger  on  the  hand  support  and  kept  his  eyes  closed 
during  the  trials.  By  the  signal  "one"  he  was  warned  to  be  ready  ; 
after  "  two  "  the  initial  pressure  was  applied  and  about  two  seconds  after 
this  had  been  done  "three"  signified  the  beginning  of  the  increase  in 
pressure.  Further  instructions  to  the  observers  were  as  follows  :  "The 
pressure  may  increase  and  it  may  not ;  as  soon  as  you  are  sure  that  it  has 
increased,  say  '  up  '  as  promptly  as  possible.  Make  sure  that  you  have 
the  same  degree  of  certainty  in  all  trials."  This  standard  of  certainty 
was  fixed  by  a  few  preliminary  trials.  If  the  observer  thought  that  he 
had  not  kept  the  standard  of  certainty  or  had  suffered  any  disturbance 
he  was  required  to  call  at  once  for  a  repetition  of  the  trial.  No  ob- 
server was  allowed  to  see  the  experimenter's  side  of  the  apparatus  until  all 
the  experiments  were  completed. 

To  estimate  the  distortion  due  to  the  order  of  sequence  of  the  rates, 
they  were  taken  in  rotation  in  opposite  orders  by  successive  obser- 
vers, and  the  experiments  were  begun  at  different  steps  in  the  series  in 
a  systematic  manner.  They  were  also  taken  in  the  double  fatigue  series, 
i.  e.,  half  the  number  of  trials  on  each  point  were  made  ingoing  through 
the  series  the  first  time  and  then  the  rest  were  made  by  repeating  it  in 
the  reverse  order.  A  brief  rest  was  made  at  the  middle  of  the  experi- 
ment ;  the  whole  lasted  about  one  hour.  The  results  for  thirteen  ob- 
servers who  tried  this  experiment  are  contained  in  Table  I  and  are 
represented  graphically  in  Figure  1. 

12.1 
10.6 

9.4 


0.036     0.220  0.570  0.965  ~T327~" 


The  horizontal  axis  in  this  figure  is  marked  off  into  parts  according  to  the  y  data  in 
Table  I,  i.  e.,  proportional  to  the  part  of  the  initial  stimulus  by  which  the  increase  was 
made  per  second. 

The  lowest  point  marked  on  the  curve  to  the  left  is  0.35s  which  is  the  increment 
when  the  change  is  made  most  slowly.  The  same  over  the  dotted  line  to  the  right 
indicates  how  far  the  curve  must  drop  as  the  rate  increases  to  the  instantaneous.  This 
result  is  transferred  from  the  third  series  of  experiments. 
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The  law  discernable  in  the  table  is  this:  Within  the  limits  of  the 
investigation  the  amount  of  the  least  perceptible  increment  rises  with  the 
increase  in  the  rate.  i.  e.,  the  faster  the  increase  in  pressure  the  larger  is- 
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Least  perceptible  increase  in  a  pressure  of  five  grains  at  different  rates. 
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3-2 

2.4 

9-4 

10.6 

2.4 

12. 1        2.9- 

Time 

17.7s 

5-99 

3- 3s 

2.2s 

1.8s 

The  unit  of  measurement  is  the  gram. 

The  number  of  measurements  in  each 
case  is  «  =  io,  of  which  the  median 1  is 
taken. 

Initials,  the  observers. 

Roman  numerals,  the  different  rates. 

J,  the  increment  in  grams. 

d,  mean  variation ;  to  find  the  mean 
variation  for  the  series  divide  each  of  these 
by  V  n  =  3. 2. 


a,  number  of  grams  of  increase  per  sec- 
ond. 

).  time  to  increase  one  gram,  in  seconds. 

y,  part  of  the  initial  stimulus  to  which  the 
increase  amounts  per  second. 

Time,  the  time  represented  by  the  aver- 
age increment  for  all  observers  at  each 
rate. 


the  size  of  the  increment  which  is  just  perceptible.  These  limits  in- 
clude those  which  we  experience  most  in  normal  life.  But,  referring  to 
the  curve,  near  the  two  ends  there  must  be  deflections  of  the  curve  in 


1  In  the  present  research  I  have  used  the  median  in  all  the  experiments  with  the  reaction 

method  ;  the  average  has  been  used  with  other  methods.     This  is  because,  by  the  nature 

of  the  experiments,  the  variation   is  larger  and  there  are  more  abnormal  records  by  the 

former  method.      For  the  account  of   the  median   and    its    relation  to  the    average    see 

IPTURE,  On  mean  values  for  direct  measurements,  Stud.  Vale  Psych.  Lab.,  1894  II  I. 
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opposite  directions  if  it  is  to  be  extended,  i.  e.,  if  extended  on  the  left 
the  curve  must  soon  reach  an  almost  vertical  direction  and  the  extension 
of  the  other  end  must  bend  in  some  way  so  as  to  eventually  reach  the 
point  which  represents  the  increment  in  instantaneous  change.  The  law 
of  such  deflections  must  be  determined  by  future  investigation. 

The  experiment  was  repeated  three  times  upon  one  observer,  M.  J.,  at 
intervals  of  two  weeks,  each  time  under  similar  circumstances.  The 
judgments  in  the  successive  experiments  were  equally  unbiased,  except  in 
so  far  as  they  were  influenced  by  the  pressure  sensations.  The  final  aver- 
ages for  the  three  experiments  are  as  follows  :  Rate  I,  J  2.8%  d  o.\%  ; 
Rate  II,  J  9.1',  di.6e;  Rate  III,  J  11.3s,  </i.6«;  Rate  IV,  J  13. i?, 
d  i.2g ;  Rate  V,  J  13.7s,  d  i.5g.  The  results  indicate  that  the  rate  in- 
fluence is  definite  and  persistent  for  these  trials.  This  remarkable  con- 
sistency, as  well  as  the  agreement  of  the  thirteen  observers  above,  can 
only  be  accounted  for  by  assuming  a  definite  time  influence  which  corre- 
sponds to  this  variation.  The  general  law  here  found  has  an  extensive 
application  to  the  whole  sensory  side  of  our  mental  experience  and  in- 
volves some  disputed  points.  I  will,  therefore,  give  a  brief  critical  esti- 
mate of  the  apparatus,  the  method  and  the  conditions  adopted.  Much 
of  what  is  here  said  applies,  also,  to  the  following  series  of  experiments. 

Critical  estimate. 

1.  The  apparatus.  The  only  noticeable  jarring  of  the  apparatus  came 
from  the  jarring  of  the  building,  and  this  disturbance  was  somewhat  re- 
duced by  placing  the  experimenting  table  on  sand  bags.  Furthermore 
the  above  experiments  were  made  in  the  evening  when  it  was  compar- 
atively quiet  in  the  building.  The  variableness  in  the  level  of  the 
source  and  the  mouth  of  the  stream  caused  some  degree  of  inaccuracy. 
The  two  levels  were  placed  so  far  apart  vertically  that  the  necessary 
variation  in  the  level  of  the  mouth  would  not  materially  affect  the  results 
beyond  the  degree  of  accuracy  here  required.  The  time  for  the  water  to 
rise  through  the  first  ioomm  of  the  graduation  tube  was  to  the  time  to  rise 
through  the  second  ioomm  above  the  zero  of  the  same  as  38  is  to  39. 
This  error  is  negligible  because  it  affects  all  rates  similarly  and  practically 
equal  for  proportional  increments  by  the  various  rates.  Since  most  of 
the  measurements  came  within  the  limit  of  the  first  2oomm  the  rates 
adopted  were  determined  empirically  for  the  average  of  this  distance. 
This  determination  was  made  to  a  more  than  sufficient  degree  of  accuracy 
by  the  graphic  method  of  recording  time. 

The  adjustment  of  the  zero  point  of  the  column  of  water  could  be 
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made  with  an  accuracy  tit'  ±  J  _."""  which  equals  about  ^  of  a  gram  by 
displacement.  There  is  again  a  possible  error  of  =fc  }4mm,  by  the  same 
unit,  in  the  adjustment  of  the  hand  rest.  Both  these  errors  affect  the 
standard  pressure  and  can  only  affect  the  increment  in  an  indirect  way. 

2.  Method.  The  main  reasons  for  using  the  reaction  method  here  are: 
(,/  It  is  time-saving,  which  is  a  vital  point  when  a  long  series  of  rec- 
ords must  be  taken.  (/>)  It  does  not  carry  with  it  any  suggestions  as  to 
what  may  be  desired  or  expected.  (Y)  It  is  easier  to  interpret  the  results 
by  this  method  than  by  any  other.  The  results  attained  by  this  method 
need  to  be  corroborated  by  other  methods  and  that  will  be  done,  but  I 
must  here  point  out  some  of  the  sources  of  error  of  the  method  in  its 
present  application.  The  observer  reacted  with  a  vocal  sound  and  I,  as 
experimenter,  made  a  sight  reaction  to  that  sound.  This  latter  reaction 
is  negligible  because  my  eye  followed  the  reading  point  as  a  point  of  re- 
gard. The  sensory  time  in  the  observer's  reaction  should  be  counted  to 
the  record,  i.  e.,  the  record  should  include  the  time  from  the  beginning 
of  the  physical  change  to  the  moment  it  was  perceived  as  a  change,  but 
not  the  motor  element  in  the  reaction.  This  I  tried  to  eliminate  directly 
in  each  trial  by  means  of  a  subjective  estimate.  After  some  practice  in 
sight  readings  of  this  kind  I  acquired  some  skill  in  estimating  equivalents 
on  the  scale  to  the  amounts  lost  by  the  observer's  reaction  at  the  various 
rates.'  I  could  hear  the  very  beginning  of  the  vocalization  of  the  //  in 
"up."  But  the  allowance  to  be  made  had  to  vary  with  the  definiteness 
with  which  this  sound  was  uttered.  I  was  aware  of  the  common  illusion 
of  motion  as  well  as  of  the  difficulty  of  perceiving  two  simultaneous  im- 
pressions in  different  senses.  I  found  difficulty  only  in  the  fastest  rate, 
but  even  here  the  possible  error  would  be  small  in  comparison  with  the 
whole  records  and  the  corresponding  mean  variations.  This  method  of 
eliminating  the  reaction-time  is  not  fully  satisfactory,  but  it  is  superior 
to  the  previous  methods  that  have  been  proposed  for  similar  purposes. 

Do  we  want  the  naive  judgment  of  the  unpracticed  but  skilled  ob- 
server? or  the  discriminative  and  critical  judgment  of  the  experienced 
observer  who  is  familiar  with  the  conditions  and  elementary  processes 
upon  which  his  judgment  is  based  and  gives  his  decision  after  having 
taken  all  known  factors  into  consideration?  While  the  latter  is  neces- 
sary in  order  to  make  a  detailed  analysis  of  the  facts,  the  former  is  neces- 
sary for  the  establishment  of  the  facts.  Though  it  involves  more  than 
double  the  labor  of  the  other  method,  I  have  made  it  a  characteristic  of 
this  research  that  the  facts  shall  be  obtained  as  they  appear  without 
analysis  in  the  common  experience  of  the  scientific  mind.  No  one  of 
my  observers  knew  what  to  expect  and  they  were  expressly  cautioned  not 


Influence  of  the  rate  of  change.  35 

to  make  any  guesses  with  consequent  conscious  or  unconscious  correc- 
tions. 

The  observer  was  directed  to  react  when  he  could  distinguish  "change" 
from  "  no  change."  In  this  series  I  did  not  have  any  regular  system  of 
control  experiments,  i.  e.,  trials  in  which  no  stimulus  was  applied.  They 
were  interspersed  irregularly  and  by  them  I  satisfied  myself  in  regard  to 
the  necessary  absence  of  illusion.  The  danger  of  illusion  was  empha- 
sized in  the  preliminary  trials.  If  the  illusion  took  place  then,  the  trial 
immediately  following  would  show  the  trace  of  a  reacting  influence  in 
overcautiousness  and  consequent  missing  of  the  standard.  In  such 
cases  the  preliminary  practice  was  continued  until  the  observer  had 
settled  upon  a  normal  standard. 

3.  Conditions  Of  the  experiment.  The  standard  pressure  may  seem 
light,  but  it  is  adapted  to  the  place  experimented  upon.  It  was  advisable 
to  use  a  tight  stimulus  which  would  not  produce  a  deadening  effect  upon 
the  nerves  under  long  continued  pressure.  A  light  pressure  on  a  small 
area  produces  a  simpler  and  less  disturbing  sensation  than  a  heavy  pres- 
sure, which  is  liable  to  produce  sensations  of  strain  in  parts  not  directly 
stimulated.     It  is  also  important  to  avoid  pain. 

The  point  upon  the  first  finger  was  chosen  for  stimulation  because  it 
admits  of  being  kept  in  a  horizontal  plane  when  the  rest  of  the  body  is 
in  a  comfortable  position.  The  place  is  of  a  good  sensitiveness  and  free 
from  hairs. 

The  slowest  rate  here  used  was  determined  by  preliminary  experiments 
in  which  smaller  floats  were  used.  It  was  then  found  that  the  change 
would  not  be  perceived  at  all,  in  the  slowest  rates,  even  when  it  amounted 
to  four  or  six  times  the  original  stimulus.  The  pressure  sensation  would 
either  be  entirely  lost  or  else  it  would  continue  indefinitely  to  seem  as 
but  a  fraction  of  the  standard.  6.18'  per  second  was  found  to  be 
about  the  slowest  rate  per  second  by  which  the  pressure  might  rise  and 
still  be  perceptible  every  time  under  normal  conditions.  The  fastest  rate 
was  taken  within  safe  limits,  and  rates  above  that  were  reserved  for  a  sep- 
arate test. 

II.    Variation   in   sensitiveness  to  change  as  depending  on   the 

DELAY    OF    THE    STIMULUS. 

In  previous  experiments  with  sight  and  sound1  I  found  that  when  a 
stimulus  near  the  threshold  is  delayed  beyond  a  certain  time  at  which  it 


Seashore,  Measurements  of  illusions  and  hallucinations  in  normal  life,  Stud.  Yale 
Psych.  Lab.,  1895  III  36,  50. 
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may  be  expected,  its  threshold  is  lowered,  and,  within  certain  limits, 
this  is  proportional  to  the  delay.  If  this  law  applies  to  pressure,  a  part 
of  the  facts  established  in  the  first  series  of  experiments  will  be  explained 
by  it.  The  application  of  the  law  of  delay  to  this  particular  case  was 
tested  in  the  following  manner  : 

Apparatus  A  was  used  just  as  in  the  foregoing  series  but  with  only  one 
rate,  namely  i.iog  increase  per  second,  which  is  0.22  per  second  of  the 
standard.  Counting  from  the  end  of  2s  allowed  for  the  perception  of 
the  original  pressure,  the  increase  was  not  begun  until  after  a  delay  for 
the  respective  sets  of  trials  as  follows  :  I,  o" ;  II,  5s;  III,  10s;  IV,  159; 
V,  20' :  and  VI,  25'.  In  other  respects  the  general  methods  and  con- 
ditions were  the  same  as  in  the  first  series.  There  was  no  suggestion  by 
which  the  observer  was  led  to  expect  the  change  to  be  felt  at  any  definite 
time.  He  was  not  aware  of  the  delay  ;  he  only  knew  that  he  would  feel 
a  gradual  change  and  that  he  should  begin  to  look  for  it  at  the  given 
signal.  Nothing  was  stated  as  to  when  it  would  begin  physically.  He 
learned,  however,  from  the  preliminary  trials  that  it  would  take  different 
time-intervals  for  the  change  to  become  perceptible.  Hence  this  is 
different  from  the  cases  of  suggestion  in  which  the  observer  is  led  to 
expect  the  stimulus  at  a  definite  moment.  Here  the  conditions  of 
expectation  and  general  preparation  were  similar  to  those  in  the  foregoing 
series.  It  is  a  case  of  suggestion  that  works  through  the  variation  of 
time-influence  in  ordinary  perception. 

Table  II. 
Variation  in  sensitiveness  as  resulting  from  delay  of  the  stimulus. 
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The  unit  of  measurement  is  the  gram. 

The  number  of  measurements  in  each 
case  is  ;;=lo,  of  which  the  median  is  taken. 

The  delay  of  the  stimulus  is  indicated  in 
seconds  at  the  head  of  each  column. 


^,  the  threshold  increment. 

d,  mean  variation  ;  the  mean  variation 
for  the  series  is  found  by  dividing  by 
^n  =3.2. 
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The  trials  were  made  in  the  double  fatigue  order.  Surprise  and  the 
disturbance  of  abrupt  transitions  were  avoided.  The  control  trials  were 
used  freely  in  the  preliminary  trials  but  not  during  the  experiment. 
Table  II  contains  a  summary  of  ten  trials  on  each  point  by  each  of  seven 
observers.  The  figures  give  the  medians,  and  the  average  of  these  is 
taken  for  the  final  summary.  There  is  a  remarkable  uniformity  in  the 
results.  The  abnormal  record  of  the  last  observer  is  accounted  for  by  the 
fact  that  his  hand  was  callous. 

The  table  shows  that  the  threshold  decreases,  i.  e.,  the  sensitiveness 
increases,  as  the  delay  is  extended.  This  law  is  most  noticeable  in  the 
first  five  or  ten  seconds  and  seems  to  extend  only  to  about  twenty 
seconds. 

The  results  may  best  be  interpreted  by  means  of  the  comparison  in 
Figure  2.     The  short  curve  represents  the  results  of  the  first  series  of  ex- 


periments, showing  the  relation  of  the  threshold  to  the  time  which  it 
took  to  produce  it.  The  number  of  seconds  is  laid  off  as  the  abscissa 
and  the  number  of  grams  as  the  ordinate.  The  longer  curve  shows  the 
same  for  the  present  series.  Within  the  limits  of  time  occupied  in  the 
first  series  (17.7  sec.)  the  threshold  of  difference  is  lowered  as  the  time 
increases.  Beyond  that  limit  the  delay  does  not  seem  to  have  any 
power  to  lessen  the  increment.  The  rate,  which  is  actually  the  same  in 
both  cases,  requires  the  largest  increment  in  the  series  in  which  it  oc- 
cupies an  extreme  point. 

A  great  part  of  this  variation  may  be  explained  by  the  fact  that  the 
longer  the  time  the  greater  the  expectancy  will  be  and  the  summation  of 
suggestive  elements  will  be  on  a  constant  increase.     The  smaller  signs 
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o\  change  come  directly  into  the  focus  of  attention,  a  greater  number  of 
them  will  be  noticed  and  those  noticed  will  be  magnified.  This  implies 
that  the  variation  of  the  threshold  with  the  rate  is  not  entirely  because 
of  the  difference  in  impression  that  quick  or  slow  rates  of  change  make, 
but  largely  because  of  the  different  attitude  of  mental  preparedness  which 
is  caused  by  different  time  relations.  Though  the  observers  tried  to  be 
equally  attentive  all  the  time  there  was  a  semi-conscious  reinforcement  of 
attention  as  time  went  on.  When  the  signs  of  change  came  soon  they 
had  to  compete  with  more  rival  sensational  elements  than  if  they  came 
later.  According  to  the  conditions  of  the  experiment  there  could 
scarcely  be  any  surprise,  but  we  may  characterize  the  different  states  of 
mind  by  saying  that  in  the  fast  rates  the  observer  was  open  to  conviction, 
while  in  the  slower  changes  he  more  anxiously  sought  some  imaged  facts 
of  assurance. 

The  fast  rates  are  probably  affected  by  contiguity  with  the  slow,  and 
likewise  the  reverse.  The  faster  rates  were,  perhaps,  at  a  disadvantage. 
It  is  probable  that  if  the  highest  point  in  each  curve  had  been  estab- 
lished separately,  without  reference  to  any  other  rate,  it  would  have 
been  lower  in  both  cases.  Yet  those  would  be  entirely  different  condi- 
tions. If  one  rate,  or  time  of  change,  is  taken  separately,  the  time  for  the 
change  to  be  felt  will  be  known  ;  it  will  be  envisaged  more  definitely  ; 
the  attention  will  be  sharply  focused  at  the  expected  moment  of  change 
and  no  attention-energy  will  be  scattered  as  above.  Both  conditions  are 
facts  of  ordinary  experience  and  it  would  be  interesting  to  compare 
them.  One  form  of  the  latter  condition  will  be  taken  up  in  the  next 
series  of  experiments. 

Fatigue  makes  a  light  weight  or  pressure  feel  lighter.  This  is  true 
for  5'.  How  does  that  affect  those  curves  or  their  continuation? 
Does  it  have  the  effect  of  lessening  the  standard  and  thus  making  the  in- 
crements proportionally  greater  during  the  time  extension  ?  Or,  does  it 
work  in  the  opposite  way  so  that  the  amount  of  the  standard,  plus  the 
increment,  is  constantly  lessened,  necessitating  a  longer  time  to  make 
the  pressure  feel  heavier  than  at  first?  Both  are  true,  i.  e.,  there  is  a 
certain  limit  at  which  the  amount  lost  by  fatigue  is  just  equal  to  the  in- 
crease at  a  certain  rate.  This  point  lies  beyond  the  lower  end  of  the 
short  curve.  Then  the  weight  would  feel  the  same  ad  infinitum  if  there 
were  no  fluctuations  in  this  limit.  If  the  change  is  slower,  however, 
several  possibilities  of  sensation-changes  are  open,  but  it  is  not  probable 
that  any  increase  in  pressure  will  be  felt  before  pain  sets  in  and  the  ex- 
periment for  pressure  must  be  discontinued.  But  if  the  rate  of  increase 
is  faster  than  the  rate  of  falling  off  by  fatigue,  the  standard  will  actually 
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seem  smaller  as  time  is  extended,  as  in  the  present  series,  and  the  incre- 
ment, which  is  largely  detected  by  feelings  of  change,  will  be  felt  larger 
in  proportion. 

III.  Threshold  for  instantaneous  increase  in  pressure. 

Apparatus  B. 

1 

The  compound  pressure  balance  here  described  was  constructed  pri- 
marily to  serve  as  a  means  by  which  a  standard  pressure  over  a  definite 
area  might  be  applied  and  then  increased  at  any  moment  without  jarring 
the  stimulus  point  or  causing  any  disturbance  except  absolute  increase  in 
pressure.  It  consists  of  two  coordinated  balances,  one  of  which  is  ap- 
paratus A  with  the  only  exception  that  a  tapering  rubber  point  ( T)  is 
substituted  for  the  original  pressure  point.  The  other  balance  consists 
of  a  light  steel  beam  3oomm  long  on  one  side  of  a  knife-edge  bearing  with 
the  balancing  mass  on  the  other  side.  The  pressure  point  is  a  cylinder  in- 
serted at  the  end  of  the  beam  which  is  supported  from  a  frame  by  a  pair 
of  electro-magnets.  This  part  of  the  frame  is  capable  of  minute  ad- 
justment in  height.  The  frame  carries  a  millimeter  scale  parallel  to  the 
beam.  A  sliding  weight  on  the  beam  carries  a  pointer  which  indicates 
the  position  of  the  weight  on  the  scale  ;  the  change  of  weight  at  the 
pressure  point  (P)  is  proportional  to  the  distance  over  which  the  weight 
is  from  the  fulcrum.  A  light  arm  projects  from  the  rear  end  of  the 
cylindrical  counterbalance  for  the  purpose  of  affording  leverage  for  the 
action    of  pressure  from  the    other  balance. 

\Vhen  the  two  balances  are  brought  together,  the  point  T  in  balance  A 
is  brought  to  bear  on  the  leverage  arm  in  the  other  balance,  and  can  be 
removed  by  the  guide  lever  (apparatus  A  6)  without  friction  or  jarring. 
By  this  combination  of  the  two  balances  we  secure  a  pressure  point 
which  keeps  a  rigid  position,  a  means  of  retaining  the  standard  pressure 
constant,  and  an  instantaneous  change  or  a  gradual  change  in  pressure  at 
any  desired  rate. 

To  illustrate  the  case  of  instantaneous  change,  suppose  that  the  balance 
is  set  with  an  initial  pressure  of  5*  at  P.  This  is  supported  by  the  elec- 
tro-magnets at  a  definite  distance  (}4mm)  from  the  surface  to  be  pressed 
upon.  Then  if  we  want  to  prepare  to  increase  that  by,  e.  g.,  Is  after  it 
has  been  applied,  the  weight  on  the  beam  is  moved  from  the  fulcrum  un- 
til the  scale  indicates  that  the  movement  is  equal  to  ig  at  P.  Then  bal- 
ance A  is  adjusted  to  press  with  a  force  of  ig  by  T.  This  is  counterbal- 
ances the  ig  just  added  to  P  and  we  have  again  the  standard  weight  at 


40 


( '.  /•.'.  >S'(  ashore, 


P.  Opening  the  magnet  circuit  always  places  the  standard  pressure  with 
the  same  momentum.  To  obtain  the  ig  increase  upon  the  standard  the 
point  T  is  lifted  vertically  by  a  rapid  movement  of  the  guide  lever 
(./<><.  The  i  -  is  of  course  transferred  directly  to  the  point  P  without  any 
movement  o\  the  beam  except  through  the  extra  indentation  which  the  ig 
causes  on  the  skin. 

I  have  only  had  time  to  make  one  of  the  tests  for  which  this  apparatus 
is  intended.  This  test  consisted  in  finding  the  least  perceptible  increase 
when  the  change  was  made  instantaneously.  The  standard  pressure  and 
the  area  were  the  same  as  before  ;  the  general  method  was  also  the 
same.  At  a  signal  the  observer  got  ready  and  about  two  seconds  later 
the  point  /'was  applied  by  releasing  the  magnets.  The  increase  was 
made  about  two  seconds  after  this.  The  threshold  was  approached  in 
both  directions  by  steps  with  a  constant  difference  of  0.2s.  The  ob- 
server simply  stated  whether  he  perceived  the  change  or  not.  Control 
trials  were  interspersed  irregularly.  The  average  of  the  complete  meas- 
urements on  each  of  seven  observers  is  given  in  Table  III.  The  figures 
denote  the  smallest  increment  above  which  all  were  perceived. 


Table  in. 

instantaneous  increase 

in  a  J» 

J 

d 

A.  X. 

0.26 

0.08 

M.  A. 

0.34 

0.07 

J.  M. 

0.34 

0.08 

G.  O. 

0. 17 

0.06 

A.  S. 

0.64 

0.15 

P.  D. 

0.34 

0.07 

P.  P. 

0.36 

0.07 

o-35 


0.09 


The  unit  of  measurement  is  the  gram. 
The    number  of  measurements  in  each 
case  is  «=lo,  of  which  the  median  is  taken. 
J    threshold  increment. 


d,  mean  variation  ;  the  mean  variation 
for  the  series  can  be  found  by  dividing  this 
by  ^  =  3.2. 


The  main  value  of  these  results  lies  in  that  they  establish  one  end  of 
the  curve  in  Figure  1  as  it  would  terminate  if  continued.  The  curve  has 
to  fall  from  its  highest  point  12.  i*  to  this  point  0.35s.  This  suggests  an 
important  problem,  namely,  in  terms  of  the  figure,  what  is  the  shape 
of  the  curve  which  must  connect  these  two  points  ?  This  will  be 
answered  for  somewhat  different  conditions  in  a  following  series  of  ex- 
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periments.  The  present  threshold  meanwhile  gives  a  standard  in  com- 
parison with  which  we  must  interpret  all  the  previous  measurements  on 
gradual  change.  Thus,  the  slowest  gradual  increase  requires  a  threshold 
nine  times  as  high,  and  the  fastest  a  threshold  thirty-five  times  as  high  as 
the  threshold  for  instantaneous  difference.  In  making  this  comparison 
"instantaneous"  must  be  taken  in  a  relative  sense  (as  it  always  must) 
according  to  the  above  details,  and  it  must  be  remembered  that  these  two 
thresholds  were  found  by  different  methods. 

Psychologically  the  two  judgments  of  gradual  and  instantaneous  dif- 
ferentiation are  not  only  made  under  totally  different  conditions  of  atten- 
tion and  expectation,  but  there  is  also  an  entirely  different  grouping  of 
the  sensations  which  form  the  basis  for  the  discrimination. 

IV.   Effect  of  the  rate   of    change  upon  the  perception  of  in- 
crease IN   WEIGHT. 

Apparatus   C ;  Experiments. 
An  apparatus  is  needed  by   means  of  which  gradual  changes  in  the 
weight   of  a  lifted  object  can   be  made  and  measured.     Apparatus   C, 
which  was  constructed  for  this  purpose,  consists  of  the  following  parts, 
used  in  conjunction  with  apparatus  A  : 

1.  The  weight  cell.  This  is  a  polished  hard-rubber  cylinder  with  a 
diameter  of  2immand  a  height  of  75""".  Its  own  weight,  25s,  may  be 
increased  to  different  amounts  by  placing  weights  inside.  A  silk  cord 
hangs  from  the  bottom,  by  which  weights  may  be  attached. 

2.  The  arm  support.  A  board  base  is  fixed  in  such  a  position  that 
the  arm  from  the  elbow  may  rest  upon  it  in  a  horizontal  position.  The 
weight  cell  stands  on  this  in  a  position  to  be  grasped  comfortably.  The 
cord  from  the  cell  runs  vertically  through  a  hole  in  the  board  to  the 
stimulus  end  of  balance  A. 

Apparatus  C  works  on  the  same  principle  as  apparatus  A,  the  only 
difference  being  that  the  weight  is  exerted  on  a  lifted  cell  instead  of  a 
pressing  point.  To  illustrate  by  an  example,  let  it  be  desired  to  obtain  a 
measured  gradual  increase  on  a  standard  of  4og  weight  in  a  cell.  The 
cell  itself  weighs  25s  and  we  add  i5g  by  weight  placed  inside  of  the 
stimulus  rod,  to  whose  top  the  cell  is  attached.  Since  this  rod  is 
counterbalanced  by  the  float,  the  15s  are  added  to  the  weight  of  the  cell 
when  the  observer  lifts  the  cell,  say  2mm  from  the  base.  At  that  point  the 
standard  will  be  reached.  The  water  in  the  graduated  tube  is  then  al- 
lowed to  rise  at  some  definite  rate  and  as  the  float  is  immersed  weight  is 
transferred  to  the  cell. 
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The  same  general  method  that  was  used  in  the  study  of  pressure  was 
here  applied  in  the  study  of  the  so-called  muscle  sense,  the  word  being 
used  in  its  widest  significance  as  including  all  the  sensations  by  means  of 
which  we  estimate  lifted  weight.  The  aim  was  to  determine  whether 
there  is  any  law  for  muscle  sense  that  corresponds  to  the.  law  of  rate 
influence  that  we  have  found  for  pressure,  and,  if  so,  to  observe  some 
of  the  relations  between  the  two. 


Table 

IV. 

Least 

perceph 

ble  increase  in  a  lifted  u><  .\ 

lit  of  forty 

grams 

at  different  rates. 

I 

II 

Ill 

a 

0.18 

1 

10 

6.63 

5-55 

( 

.91 

0.15 

7 

O.OOf 

0 

.028 

0.166 

J 

d 

J 

d 

J 

d 

e 

J.  L. 

3-3 

1.1 

"•5 

4.0 

20.3 

2.1 

0 

V.  S. 

i-7 

0.4 

6.1 

1.8 

9-7 

5-o 

0 

M.  M. 

5-3 

1-4 

11. 0 

2-4 

18.0 

4-4 

0 

J.  P. 

12. 0 

5-4 

14.9 

4.0 

21.9 

4-9 

0 

W.  J. 

2.4 

1.0 

6.6 

i-5 

14.8 

4-9 

43 

A.   S. 

4.0 

i-3 

12. 1 

3-6 

17-5 

2.4 

43 

F.  K. 

3-9 

0.5 

12.4 

2.6 

17. 1 

5-3 

0 

E.  J. 

6.o 

2-3 

13-8 

4-9 

13-5 

4.9 

0 

C.  C. 

4-0 

2.4 

7-3 

3-4 

13-7 

4.2 

0 

Average, 

4-7 

J. 8 

10.6 

3-i 

16.3 

4.2 

Time, 

26.  Is 

9.6s 

2.5s 

The  unit  of  measurement  is  the  gram. 

The  number  of  measurements  in  each 
case  is  «=io,  of  which  the  median  is  taken. 

I,  II,  III,  rates  of  increase. 

a,  number  of  grams  of  increase  per  sec- 
ond. 

/?,  time  to  increase  1". 


Y,  increase  per  second  as  a  fraction  of 
the  initial  stimulus. 

J     threshold  increment. 

d,  mean  variation;  to  find  the  mean  varia- 
tion for  the  series  divide  by  j/"^  =  3.2. 

c,  percentage  of  the  control  trials  in 
which  illusions  occurred. 


The  standard  was  taken  as  40*,  because  that  weight  in  the  given  cell 
is  favorable  for  a  distinct  feeling  of  weight  and  does  not  cause  noticeable 
fatigue  very  soon.  Only  three  rates  were  employed  and  these  were  the 
same  as  I,  II  and  V  in  the  first  series  ;  they  gave  an  increase  of  o.i8g, 
1. 10*  and  6.63-  per  second,  respectively. 

The  observer  shut  his  eyes  and  grasped  the  cell  at  the  middle  between 
the  thumb  and  the  first  two  fingers  in  such  away  that  when  he  had  raised 
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the  cell  2n,m  from  the  base  the  side  of  the  hand  and  the  little  finger  rested 
on  the  base  by  their  full  length  and  the  cell  was  held  upright.  The  posi- 
tion was  comfortable  and  could  easily  be  retained  for  the  required  time. 
The  observer  grasped  the  cell  as  lightly  as  possible.  As  soon  as  the  cor- 
rect position  had  been  secured  the  signal  was  given  which  meant  that 
except  in  the  control  trials  the  physical  change  would  begin  in  two 
seconds.  The  reaction  was  made  by  saying  "up"  and  the  results  were 
read  as  before.  Nine  persons  made  the  complete  experiment,  which 
consisted  of  ten  trials  on  each  rate,  exclusive  of  the  control  trials.  The 
summary  is  contained  in  Table  IV. 

From  one  to  five  control  trials  were  interspersed  with  each  ten  regular 
trials.  The  column  giving  the  percentage  of  these  trials  which  resulted  in 
illusions  gives  an  index  to  the  reliability  of  the  discrimination.  All  but 
two  are  perfectly  reliable  in  that  they  have  chosen  the  standard  threshold 
so  high  that  there  is  no  danger  of  confusion.  The  high  percentage  of 
errors  for  the  two  must,  however,  not  be  interpreted  to  mean  that  such  a 
percentage  of  the  total  number  of  trials  may  be  considered  as  illusions,  for  in 
each  case  there  were  thirty  trials  in  which  the  regular  change  was  made 
and  only  seven  in  which  the  stimulus  was  withheld.  All  three  illusions 
out  of  the  five  possible  were  in  rate  I  for  W.J.,  and  for  A.S.  two  out  of 
four  possible  were  in  rate  I  and  one  out  of  two  possible  in  rate  II.  The 
value  of  these  percentages  depends  upon  the  relation  between  the  number 
of  control  trials  to  the  number  of  regular  trials  as  well  as  upon  the  degree 
to  which  a  trial  with  no  sensation  of  change  was  expected.  The  effect  of 
the  rate  influence  is  as  marked  for  these  observers  as  for  the  others  and 
their  mean  variation  is  not  excessive.  This  argues  that,  since  they  had 
nothing  but  the  direct  sensation  to  judge  by,  the  real  signs  of  change  must 
have  been  present  in  a  much  larger  proportion  of  trials  than  the  above 
percentages  would  indicate.  The  error  cannot  be  explained  as  due  to 
the  ordinary  premature  automatic  reaction,  for  then  the  mean  variation 
should  have  been  much  larger. 

The  figures  in  the  table  express  the  law  that,  for  the  three  rates  investi- 
gated, the  threshold  of  perceptible  increase  in  lifted  weights  is  higher  in 
fast  rates  than  in  slow  rates.  This  accords  with  the  law  we  found  for 
pressure.     The  relation  of  the  two  will  be  discussed  later. 

V.  Threshold  for  instantaneous  increase  in  weight. 
Apparatus  D;  Experiments. 

This  problem  requires  an  apparatus  by  which  the  standard  weight  of 
a  body  may  be  increased  instantaneously  without  causing  any  other  dis- 
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turban<  e.  This  was  act  omplished  by  a  compound  weight  balance.  The 
cell  (Cj)  and  the  arm  resl  I  (  ' ,  I  arc  used  as  in  the  foregoing  series.  A 
weight-pan  is  suspended  by  a  silk  cord,  branching  out  from  the  center  of 
the  bottom  of  the  cell,  400"""  below  it.  Midway  between  the  cell  and 
the  weight -pan  there  is  a  light  fibre  balance  beam  140"""  long  with  its 
fulcrum  at  the  middle.  It  is  adjusted  with  one  extremity  perpendicular 
over  the  pan  and  attached  to  it  by  a  cord  which  passes  between  the 
branching  cords  and  is  so  fastened  to  the  pan  that  changing  the  support 
of  the  pan  from  this  cord  to  the  branching  cords,  or  the  reverse,  will  not 
cause  the  pan  to  shake.  At  the  other  end  a  hook  is  suspended  by  a 
cord  2oomm  long.  Upon  this  a  series  of  gram  weights  was  fitted  to  be 
hooked  firmly.  The  hook  is  light  (J^g)  and  makes  the  weights  conven- 
iently interchangeable.  At  first  the  instantaneous  increase  was  made  by 
means  of  a  weight  acting  over  a  pulley  by  a  cord  from  the  hook  end  of 
the  balance  beam.  This  weight  was  allowed  to  drop  100"""  with  the 
cord  slackened  oomm  ;  thus  the  hook  end  of  the  balance  would  be  ele- 
vated 10"""  at  a  definable  rate.  But  the  present  method  required  that  the 
change  should  be  made  noiselessly  ;  therefore  at  the  risk  of  some  irregu- 
larity, I  simply  raised  the  weight  by  pulling  a  cord  perpendicularly  from 
the  hook  as  quickly  as  possible. 

The  plan  of  the  apparatus  may  be  explained  better  by  an  example. 
Suppose  we  want  to  get  an  increase  of  ig  on  40*  lifted  by  the  cell.  The 
cell  weighs  25*-'  and  enough  weight  is  added  to  the  pan  to  make  it  weigh 
15*.  Since  the  158  are  supported  by  the  cell  its  total  weight  is  4og.  We 
then  place  the  i8  increment  in  the  pan  and  counterbalance  it  by  ig  on 
the  hook  (including  the  weight  of  the  hook);  the  two  weights  on  the  bal- 
ance, therefore,  do  not  act  upon  the  weight  of  the  cell.  The  observer 
grasps  the  cell  and  lifts  it  2"""  ;  this  makes  the  balance  beam  stand  in  a 
horizontal  position.  The  grasp  is  made  in  such  a  manner  that  the  whole 
side  of  the  hand  rests  upon  the  support  in  a  position  that  can  easily  be 
retained  during  a  prolonged  experiment.  He  is  then  lifting  the  standard 
weight,  but  when  the  hook-weight  is  raised  suddenly  its  counterbalance 
is  transferred  to  the  support  of  the  pan  without  any  movement  of  the 
balance  beam.  I  was  able  to  elevate  the  hook-weight  as  quickly  as  it 
would  start  to  fall  by  its  own  gravity,  or  faster ;  therefore,  the  increment 
was  transferred  to  the  new  support  at  the  rate  that  it  would  assume  by  its 
own  weight  when  beginning  to  fall,  i.  e.,  the  increase  was  made  by  simply 
releasing  the  support  of  the  required  amount  without  imparting  motion 
to  the  standard  weight.  By  this  method  any  instantaneous  increase  may 
be  made  without  impact.  It  is  evident  that  by  reversing  the  action  of 
he  balance  a  decrease  in  weight  may  be  made  equally  well. 
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This  series  of  experiments  was  made  on  the  same  observers  as  the 
fourth  series,  and  under  similar  circumstances,  in  order  that  the  two  sets 
of  results  might  be  comparable.  They  were  made  during  the  same 
period,  this  experiment  being  made  alternately  before  and  after  the  other. 
The  point  to  be  determined  here  was  the  threshold  for  the  perception  of 
a  so-called  instantaneous  increase  in  the  weight  of  a  body  lifted  by  the 
rested  hand.  A  form  of  the  method  of  minimum  variation  was  employed. 
The  steps  varied  by  one  gram  each  and  were  taken  alternately  ascending 
and  descending  the  series.  In  ascending,  the  steps  of  change  were  con- 
tinued until  the  observer  had  perceived  the  increment  correctly  three 
times  in  succession  ;  and,  in  descending,  the  series  of  steps  was  begun  with 
the  highest  one  of  the  ascending  series  or  by  one  above  it  if  this  series 
was  low.  At  a  signal  the  observer  lifted  the  cell  to  the  2mm  limit  and  as 
soon  as  steadiness  was  attained  in  this  position  another  signal  warned  him 
to  watch  for  an  increase,  to  which  he  should  react  by  saying  "up"  at 
the  moment  he  perceived  it.  The  change  was  made  from  two  to  six 
seconds  after  this  signal.  The  observer's  ability  to  react  just  at  the  right 
time  was  considered  a  criterion  for  his  certainty  and  accuracy.  The 
time  of  making  the  change  was  varied  irregularly  within  this  region  of  four 
seconds.  If  he  reacted  perceptibly  before  or  after  the  change,  due  al- 
lowance for  the  reaction-time  being  made,  the  fact  was  recorded  as  an 
error  or  illusion.  Of  course,  failure  to  react  indicated  that  the  stimulus 
was  below  the  threshold.  This  time-criterion  was  chosen  in  preference 
to  the  method  of  control  trials  in  order  to  make  the  experiment  short. 
Instead  of  concentrating  the  attention  on  the  moment  two  seconds  after 
the  signal,  it  here  had  to  be  scattered  over  a  time  of  four  seconds.  This, 
presumably,  tended  to  raise  the  threshold.  Upon  a  definite  inquiry  each 
observer  testified  that  he  had  not  perceived  any  suggestion  as  to  the 
moment  of  change  except  by  direct  feeling  of  change  in  weight. 

The  results  are  contained  in  Table  V ;  the  initials  of  the  observers  will 
aid  in  the  comparison  of  the  individual  records  here  with  those  in  Table 
IV. 

The  J  value  marks  an  arbitrary  limit.  With  careful  observers  it  may 
be  considered  a  pretty  safe  limit,  denoting  the  point  above  which  we  may 
expect  to  find  all  increments  perceptible  under  similar  conditions.  The 
J  value  must  be  interpreted  with  reference  to  the  mean  variations  and 
the  figures  in  the  first  sections  of  the  table.  According  to  the  table  4. 7s 
would  be  perceptible  ahout  seven  times  out  of  ten,  or  70  per  cent,  of  the 
trials.  This  percentage  is  brought  down  so  low  because  it  is  an  average 
for  different  observers  and  not  for  successive  trials  on  the  same  observer. 
The  last  column  gives  the  number  of  times  each  observer  reacted  wrongly. 
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In  comparing  this  and  the  preceding  table  we  notice  the  striking  co- 
incidence  that  the  threshold  for  instantaneous  change  is  the  same  as  the 
threshold  for  the  slowest  gradual  change.  Between  those  two  points  the 
curve  changes  to  nearly  four  times  that  height  (see  Figure  3).  Here  the 
relation  between  the  instantaneous  and  the  very  slow  increments  is  very 
different  from  the  corresponding  relations  for  pressure,  where  the  instan- 
taneous increment  is  only  about  one-ninth  of  the  slowest. 
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The  unit  of  measurement  is  the  gram. 

The  number  of  complete  determinations 
of  the  threshold  for  each  observer  is  n  =  10. 

The  increments  are  denoted  by  the  num- 
bers at  the  heads  of  the  column?. 

The  numbers  below  these  show  how 
many  times,  out  of  ten  possible,  each  was 
perceived. 


J,  the  average  increment  above  which 
the  next  two  are  correctly  perceived,  hence 
the  threshold. 

d,  mean  variation ;  the  mean  variation 
for  the  series  is  found  by  dividing  each  of 
these  by  j/^T  =  3.2. 

c,  total  number  of  errors. 


Experiments  were  made  upon  six  observers  to  study  the  effect  of  delay 
of  the  stimulus.  Instead  of  devoting  a  special  section  to  them  I  will 
make  a  brief  statement  here. 

Using  the  identical  apparatus  described  above,  I  found  how  the 
threshold  varied  if  the  stimulus  was  withheld  after  the  signal  for  the 
number  of  seconds  that  the  averages  in  series  IV  indicate,  namely,  2.5', 
9.6s  and  26.1s,  i.  e.,  the  time  it  required  to  perceive  the  change  at 
the  three  rates  of  gradual  increase.  Ten  trials  were  made  on  each  of 
the  four  increments  :  3%  4V  5g  and  6g.  The  results  may  be  stated  in  a 
general  way  in  terms  of  the  percentage  of  those  increments  which  were 
perceived.  These  are:  for  2.5',  63%  ;  for  9.6",  69%  ;  and  for  26.1s, 
67%.  The  difference  is  not  large  enough  to  indicate  any  tendency  to- 
ward a  systematic  variation. 

The  elements  of  fatigue  and  distribution  of  attention  spoken  of  in  the 
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second  series  seem  to  counterbalance  each  other  here.  Thus  after  the 
26.  i9  delay  the  standard  seems  lighter  on  account  of  the  fatigue  ;  but  an 
instantaneous  increase  at  that  point  will  not  be  affected  by  fatigue,  and 
will,  therefore,  appear  larger  in  proportion  to  the  standard  at  that  point 
than  at  any  previous  point.  On  the  other  hand,  at  the  end  of  2.5s  there 
is  no  noticeable  effect  of  fatigue,  but  the  attention  is  not  yet  so  strongly 
focused. 

The  present  experiments  should  be  compared  with  those  in  series  II. 
Here  the  change  was  instantaneous,  there  gradual.  The  difference  in  the 
results  points  to  the  fact  that  the  methods  of  perceiving  change  are  en- 
tirely different  in  the  two  cases. 

VI.  Verification  of  series  I  and  IV. 

To  increase  the  data  found  in  series  IV  and  to  verify  the  law  expressed 
inthe  results  of  series  I  and  IV  by  means  of  a  different  method,  the  latter 
series  of  experiments  was  repeated  by  a  form  of  the  method  of  mini- 
mum variation.  The  only  alteration  necessary  in  apparatus  C  was  to 
insert  a  scale  reading  in  grams  instead  of  the  millimeter  scale  on  the 
graduated  tube.  The  steps  of  increase  in  the  experiment  differed  by 
two  grams  each,  running  from  2g  to  2og. 

I  tried  different  steps  at  random  and  considered  a  determination  com- 
plete when  I  had  found  at  least  three  consecutive  steps  in  which  the  in- 
crement had  been  correctly  perceived  and  all  the  steps  below  this  had 
been  tried.  I  was  fully  aware  of  the  influence  this  procedure  has  upon 
the  mean  variation,  but  it  secured  a  good  distribution  of  attention  and 
served  as  a  sort  of  control  method  in  that  the  observer  had  no  means  of 
knowing  whether  the  increment  should  be  a  large  or  a  small  one  as  he 
would  if  the  threshold  had  been  approached  by  steps  taken  in  regular 
order.  If  in  the  large  steps  the  observer  was  sure  that  he  felt  an  increase 
before  the  full  amount  had  been  reached,  he  was  allowed  to  signify  this 
in  order  to  save  time,  but  such  a  reaction  was  recorded  as  if  only  the 
whole  increment  had  been  perceived.  No  steps  higher  than  20s  were 
tried.  Five  complete  determinations  were  made  for  each  rate  by  each 
observer. 

At  the  signal  the  observer  lifted  the  40s  cell  to  the  standard  position, 
and  at  another  signal  he  began  to  watch  for  an  increase  in  weight  which 
began  two  seconds  later  except  in  the  control  trials.  A  final  signal  was 
given  at  the  end  of  the  increment  and  upon  this  the  observer  had  to  reply 
immediately  by  one  of  three  answers,  namely:  "  change,"  "  no  change," 
or  "uncertain." 
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The  method  of  manipulating  the  apparatus  may  be  understood  from  the 
explanation  in  series  IV  ;  the  main  difference  was  that  here  definite 
amounts  of  increase  were  produced  and  the  observer  stated  whether  he 
perceived  them  or  not,  while  there  the  change  continued  until  he  reacted. 

The  possible  inaccuracy  in  reaching  the  exact  increment  in  the  fastest 
rate  was  =fc  0.2-'.  If  a  larger  error  than  that  was  made  the  trial  was  re- 
peated. The  variation  by  unsteadiness  of  the  observer's  hand  may  intro- 
duce a  possible  error  of  ±  o.  2s.  These  are  the  only  two  marked  sources 
of  error.     The  first  affects  only  the  fastest  rate. 

The  results  for  the  observers  are  contained  in  Table  VI.  The  first  part 
of  the  table  shows  the  numbers  of  R  (change  perceived )  and  U  (uncer- 
tain) answers  that  were  given  out  of  five  trials  on  each  increment.  At 
the  right  hand  end  of  each  line  I  have  omitted  all  but  the  first  "5" 
when  this  is  the  first  of  three  successive  fives.  The  R  and  the  U  trials 
are  recorded  separately  and  the  reader  may  distribute  the  U  trials  as  he 
thinks  best.  A  general  expression  of  the  results  may  be  gotten  by  a 
study  of  the  R  trials  alone. 


M.   M. 


F.  C.j 


N.  H 


B.  L.  J 


Table  VI. 
Threshold  of  increase  in  a  lifted  'weight  of  4.0^. 
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measurement  is  the  gram. 
Number  of  trials  on  each  point,  n  =  10. 
Roman  numerals  give  the  rates  : 
I,  0.188  per  sec. 
II,  i.ios    "     " 
III,  6.638    "     " 
R,  number  of  times  the  reply  "  change  " 
was  given  in  five  trials. 

U,  number  of  times  the  reply  "  uncer- 
tain "  was  given  in  five  trials. 
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The  difference  between  5  and  R  4-  U 
will  give  the  number  of  replies  "no 
change." 

The  numbers  at  the  head  of  the  columns 
denote  the  increments. 

J,  the  threshold  above  which  it  is  prob- 
able that  all  increments  would  be  perceived. 

d,  mean  variation  of  A  ;  to  find  the  mean 
variation  for  the  series  divide  by  |/~»T  = 
2.2. 
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1  have  here  assumed  a  standard  condition  which  gives  a  threshold  of 
the  same  degree  o\  probability  in  all  rates.  This  is  obtained  by  the  con- 
ditions upon  which  the  figures  of  the  J  column  in  the  second  part  of  the 
tabic  arc  based,  i.  c.  the  first  of  these  consecutive  increments  that  has 
been  correctly  perceived  is  taken  for  the  threshold.  With  this  as  a  standard, 
we  may  compare  the  rates  with  each  other  and,  with  certain  precautions, 
the  general  results  with  those  obtained  by  the  reaction  method. 

There  is  a  remarkable  uniformity  in  the  results,  considering  the  delicacy 
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Fig.  3. 


A,  Results  in  Table  IV. 

B,  Results  in  Table  VII. 

C,  Results  in  Table  VI. 

'Hie  horizontal  axis  is  divided  into  parts 
proportioned  to  the  number  of  grams  of  in- 


crease per  second,  or,  which  is  the  same, 
to  the  part  per  second  of  the  initial  stimulus 
by  which  the  change  was  made.  The  in- 
crements are  laid  off  in  grams  as  ordinates. 
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and  difficulty  of  this  discrimination  and  the  lack  of  practice.     Bearing 
in  mind  the  differences  in  the  conditions  of  these  experiments  and  those 

Table  VII. 
Five  experiments  on  the  author  under  conditions  similar  to  those  in  the  preceding  table. 
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Capitals   denote   the  successive  experi- 
ments. 
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Other  notation  same  as  in  Table  VI. 


in  series  IV  we  may  obtain  some    general  conclusions  from  this  com- 
parison : 

1.   The  law  of  the  relation  of  the  increment  to  the  rate  of  increase  es- 
tablished by  the  previous  method  in  series  I  and  IV  is  supported  and 
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proved  beyond  the  possibility  of  a  doubt.  This  applies  to  series  I  only 
indirectly,  but  the  general  agreement  between  the  facts  and  conditions 
of  series  I  and  scries  IV  justifies  the  deduction  in  regard  to  the  quali- 
tative  statement  of  the  law. 

j.  The  slowest  rate  requires  the  same  increment,  within  o.iB,  by  this 
as  by  the  previous  method.  By  the  present  method  the  other  two  rates 
require  smaller  increments,  somewhat  in  proportion  to  the  rates. 

3.  The  proportional  differences  by  the  two  methods  do  not  point  to 
any  notable  error  in  the  previous  method,  but  are  a  good  expression  for 
the  difference  in  the  mental  attitude  in  the  two  methods. 

The  foregoing  experiment  was  repeated  five  times  upon  the  writer  dur- 
ing as  many  successive  days.  The  conditions  differ  in  that  I  knew  just 
what  was  going  on  physically  except  in  one  respect,  namely,  that  I  did 
not  know  whether  the  trial  would  be  a  regular  or  a  control  trial.  In  this- 
series  I  do  not  record  the  result  of  the  control  trials  because  I  set  my 
standard  so  high  that  I  made  practically  no  error.  The  following  con- 
clusions may  be  drawn  from  the  summary  in  Table  VII. 

1.  The  general  direction  of  the  rate-influence  is  the  same  as  that 
found  for  the  other  observers. 

2.  There  is  a  noticeable  decrease  in  the  rate -influence  for  the  fastest 
rate  during  the  progress  of  the  experiment. 

3.  A  reasonable  expression  for  the  difference  in  mental  attitude  due  to 
my  knowledge  of  the  rate  of  change  is  found  in  the  amount  by  which  my 
threshold  differs  from  that  of  the  other  observers. 


VII.   Effect  of  the  rate  of  change  upon  the  perception  of  very- 
rapid    INCREASE    IN    WEIGHT. 

Apparatus   E. 

Very  rapid  rates  of  change  being  desired  here,  it  was  necessary  to  use 
a  float  of  larger  diameter,  or  nozzles  allowing  a  more  rapid  stream  to  flow, 
than  had  hitherto  been  used.  The  former  alternative  was  adopted,  but 
with  this  alternative  a  change  in  the  mechanism  of  the  rest  of  the  appa- 
ratus also  became  necessary.  Apparatus  C  required  that  the  operator 
should  stop  the  increase  when  it  had  reached  the  desired  height.  The 
rates  of  change  approaching  the  instantaneous,  here  required,  could  only 
be  obtained  by  an  automatic  determination  of  the  amount  of  increase  by 
the  apparatus  itself.      This  was  accomplished  as  follows  : 

Apparatus  C  was  used  in  all  its  parts  except  three,  namely:   the  float, 
the  connection  between  the  cell  and  the  beam,  and  the  rod  which  counter- 
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balanced  the  float.  A  light  steel  tube  of  2  5mm  diameter  was  used  for  a  float. 
The  connection  with  the  cell  was  reestablished  in  the  following  manner. 
A  balance  beam  E  of  the  same  dimensions  as  the  balance  beam  A  is 
placed  immediately  above  A  and  parallel  to  it.  We  may  name  the 
float  end  of  the  original  beam  Af,  and  the  corresponding  end  of  the  upper 
beam  Ef  and  the  other  ends  respectively  Aw  and  Ew.  Ef  is  vertically 
over  Af  and  they  are  joined  by  two  loops  of  fine  wire  which  interlock  at 
the  middle  in  such  a  way  that  when  the  tension  is  released  and  Af  and 
Ef  approach  each  other  the  loops  cause  no  friction  and  allow  no  spring  or 
elasticity ;  the  lower  is  fixed  in  an  upright  position  and  the  upper  falls 
vertically  by  its  own  weight.  Now,  following  the  same  principle  as  in 
apparatus  D,  the  standard  weight  is  maintained  by  means  of  the  com- 
pound balance  action.  The  cell  is  attached  to  Eiu  and  from  the  same 
point  a  balance  pan  (pan  E)  is  suspended  4oomm  below.  In  place  of  the 
rod  at  Aw  another  scale-pan  (pan  A)  is  suspended  at  the  same  distance 
as  pan  E.  When  the  weight  in  pan  E  is  equal  to  the  weight  of  the  float 
at  zero  the  two  beams  stand  in  a  horizontal  position  and  the  loops  be- 
tween Af  and  Ef  are  just  on  the  point  of  making  contact.  A  is  bal- 
anced and  exerts  no  influence  on  E,  and  E  is  balanced  and  exerts  no 
influence  upon  the  cell  which,  when  lifted,  has  its  own  weight  plus  the 
weight  of  pan  E.  If  the  weight  in  pan  A  be  diminished  Af  will  pull  on 
Ef  by  that  amount  and  this  will  in  turn  lift  at  Ew,  which  lessens  the 
weight  of  the  cell  by  the  same  amount. 

The  balancing  of  the  apparatus  depends  upon  the  position  of  the  cell 
when  lifted.  A  special  support  for  the  cell  regulates  this.  It  consists  of 
a  trap  on  top  of  the  arm  support  (Cz).  This  is  essentially  a  slat  with 
one  end  hinged  to  the  rear  end  of  the  arm  support.  Its  front  end  is 
held  up  against  an  adjustable  catch  by  a  weight  acting  through  a  cord 
over  a  pulley.  This  cell  is  placed  on  the  front  end  of  this'  slat  in  the 
same  lateral  position  as  before,  but  it  is  supported  at  the  standard  height 
to  which  it  should  be  lifted.  When  the  cell  is  grasped  it  is  held  in  the 
same  comfortable  position.  The  experimenter  elevates  the  weight  which 
supports  the  trap,  the  trap  falls  and  leaves  the  cell  supported  by  the 
hand  in  a  definite  position. 

Let  me  further  explain  the  apparatus  by  an  illustration  of  how  it 
works.  Suppose  I  desire  to  produce  a  measured  increase  of  2g  on  a 
standard  of  40*  at  a  very  rapid  rate.  The  cell  itself  weighs  25s  and 
a  weight  is  placed  in  pan  E,  so  that  the  total  weight  of  the  cell  when 
held  in  position,  after  the  trap  is  dropped,  will  be  40s.  Both  beams 
are  balanced  in  a  horizontal  position  and  exert  no  influence  on  the 
cell.     Then  we  take  off   2?  from  pan  A.     This  makes  Af  pull  on  Ef 
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by  21  and  this  in  turn  lifts  the  pan  E  by  2K,  reducing  the  standard  to 
This  we  correct  by  adding  2e  to  pan  E  and  again  obtain  our 
standard,  4oc.  But  now  pan  E  is  lifting  z%  at  Ef  and  the  same  amount 
at  /-.'.v.-  if  we  then  gradually  restore  the  balance  of  A  by  immersing 
the  float,  /-.'  being  stationary,  the  amount  lifted  at  Ew  will  decrease 
until  the  zero  point  is  reached  and  the  contact  between  Af  and  Ef  is 
broken.  The  contact  is  broken  at  the  moment  2K  have  been  added  to 
the  weight  of  the  cell  making  it  42*.  The  rule  determining  the  size  of 
the  increment  is  that  the  desired  weight  must  be  removed  from  pan  A 
and  placed  in  pan  E.  The  rate  of  increase  is  determined  by  the  size 
of  the  stream  of  water  as  before. 

The  above  is  an  entirely  satisfactory  solution  of  the  problem  of  how 
to  produce  quick  and  accurate  changes  of  weight  in  a  given  standard 
without  movement  or  jarring  of  the  body  lifted.  The  adjustment  to  the 
zero  point  may  permit  a  possible  error  of  ±y^g.  The  trap  holds  the  cell 
in  the  correct  position,  and,  after  a  brief  practice,  the  observer  can  retain 
this  approximately,  but  for  accidental  movements  of  the  hand  there  may 
be  an  error  of  within  ±i^g.  There  could  be  no  other  inaccuracy  in  the 
size  of  the  increments,  since  they  were  made  by  actual  interchange  of 
gram  weights. 

The  rates  were  timed  by  the  graphic  method  of  recording  time.  The 
recording  pointer  was  placed  in  circuit  with  a  means  of  making  the  cir- 
cuit at  the  beginning  of  the  increment  and  breaking  it  at  the  completion. 
The  electric  clamp  key  was  used  as  in  series  I  to  make  the  circuit 
the  moment  the  stream  was  let  on.  A  platinum  contact  was  built  up 
at  Af,  such  that  Af  rested  upon  it  and  kept  the  circuit  closed  as  long  as 
Af  was  heavier  than  Aw.  The  moment  the  beam  A  passed  through  its- 
point  of  balance  and  the  tension  on  the  interlocking  loops  was  released, 
Af  left  its  contact  and  the  electric  current  was  interrupted. 

I  first  measured  the  time  of  all  the  increments  (the  steps  in  the  series 
differed  by  2g  each)  from  2  -  to  20s  on  one  rate  to  find  if  the  changes  were 
uniform.  This  rate  made  the  change  at  the  rate  of  ig  in  0.12s. 
Taking  the  time  to  increase  2015  as  a  standard,  and  calculating  the  theo- 
retical time  for  each  increment,  I  found  that  the  empirical  results 
deviated  from  the  theoretical  only  by  an  irregular  fluctuation  no  larger 
than  might  be  allowed  for  the  error  of  measurement,  i.  e.,  there  was  no 
systematic  error  large  enough  to  demand  consideration  here,  and  the  in- 
crease may  be  considered  as  practically  constant.  Having  found  this  I 
timed  all  the  rates  for  the  step  of  20%  and  divided  that  up  proportionately 
for  the  other  steps.  The  rates  adopted  and  measured  in  this  manner  are 
as  follows : 
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I. 

II. 

III. 

IV. 

V. 

a 

4-54 

8-33 

33-33 

50.00 

66.66 

P 

0.22 

O.  12 

0.03 

0.02 

0.015 

7 

O.II 

0.21 

0.83 

1. 21 

1-54 

Here  a  denotes  the  number  of  grams  of  increase  per  second,  ft  the 
number  of  seconds  to  increase  one  gram,  and  y  the  part  of  the  initial 
stimulus  per  second. 


Experiments. 

The  fastest  rate  hitherto  used  required  the  largest  increment.  Refer- 
ring to  the  curves  in  Figure  3,  what  is  the  highest  limit  for  these  if  they 
be  continued  to  the  left,  and  what  form  will  they  assume  in  returning  to 
the  low  point  that  marks  the  instantaneous  increase?  This  is  the  question 
I  have  tried  to  answer  by  the  present  series  of  experiments. 

The  quoted  rates  are  within  the  limits  of  sufficiently  accurate  measure- 
ment by  the  present  apparatus.  The  slowest  connects  with  the  fastest  of 
the  previous  and  the  fastest  approaches  the  instantaneous. 

The  method  of  minimum  variation  was  here  used  somewhat  differently 
from  the  previous  manner.  The  threshold  was  determined  five  times  for 
each  rate  as  follows  :  the  increments  differed  by  2g  each,  but,  in  order  to 
save  time,  five  trials  on  each  step  were  made  in  succession.  A  number 
of  steps  in  the  middle  region  were  tried  until  a  block  of  records  was  ob- 
tained in  which  the  change  had  been  perceived  correctly  every  time  in 
the  largest  of  the  increments  tried  and  no  time  in  the  smallest.  The  few 
exceptions  to  this  rule  may  be  seen  in  the  records  from  the  fact  that  the 
highest  number  is  less  than  five  in  those  cases. 

The  observer  was  given  a  choice  of  two  answers  only,  namely, 
"Change"  or  "No  change."  The  merits  and  demerits  of  that  limita- 
tion are  well  known.  At  a  signal  the  observer  grasped  the  cell  with  the 
hand  in  position  to  rest  firmly.  At  a  second  signal  the  trap  fell  and  he 
was  to  look  for  the  differentiation  which  might  begin  about  two  seconds 
afterwards.  He  was  required  to  give  his  answer  as  soon  as  the  increment 
was  completed. 

The  results  for  six  observers  are  contained  in  Table  VIII.  The  left 
hand  section  of  the  table  shows  the  number  of  perceived  changes  out  of 
five  possible  for  each  step.  There  the  variation  of  any  single  increment 
may  be  traced  for  each  observer.  All  but  the  first  of  the  succes- 
sive "5s"  are  omitted,  and  all  increments  above  this  are  counted  as 
perceptible  in  the  respective  single  determinations  of  the  threshold.  J 
is  found  as  before  by  taking  the  average  of  the   single  thresholds  above 
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Table  VIII. 


Threshold  of  increase  in  a  jo"  weight  at  five  rapid  rates. 
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j 

5 

O 

II. 2 

2.6 
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3 

3 

4 

4 

X 

6.4 
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4 

2 

0 

5 
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7.6 
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I 

2 

2 

5 

'A 
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II 
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j 
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IV 
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Roman  numerals,  rates  of  change. 

J-igurcs  at  the  top,  increments  in  grams. 

e,  the  numerator  gives  the  number  of  er- 
rors that  were  made  in  the  number  of  con- 
trol trials  denoted  by  the  denominator. 

J.  threshold. 


d,  mean  variation :  to  find  the  mean 
variation  for  the  series  divide  each  by 
2.2. 

The  average  is  stated  as  the  percentage 
of  the  possible  number  of  correct  answers. 
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which  all  increments  were  perceived,  on  the  supposition  that,  when  an  in- 
crement had  been  perceived  every  time,  all  steps  above  that  would 
also  be  perceived.  The  assumption  is  quite  valid,  for  the  steps  are  larger 
and  the  successive  steps  would  be  taken  under  similar  conditions  with  ref- 
erence to  the  larger  fluctuations  in  sensibility.  The  value  of  this  thresh- 
old must  also  be  estimated  by  its  mean  variation  and  by  a  comparison 
with  the  distribution  of  the  figures  in  the  first  part  of  the  table. 
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E,   Results  in  Table  VIII,  p.  56. 
D,   Results  in  Table  IX,  p.  58. 
I,  Results  in  Table  V,  p.  46. 
A,  Highest  point  in  A,  Figure  3,  p.  50. 


B,   Highest  point  in  B,  Figure  3. 
The  horizontal  axis  is  divided  on  a  scale 
20  times  as  large  as  in  Figure  3. 


The  number  of  experiments  is  too  small  to  afford  a  detailed  expression 
of  the  law  of  variation,  but  it  is  evident  that  we  have  found  the  maximum 
or  turning  point  in  the  size  of  increments.  The  results  as  expressed  in 
curve  E,  Figure  4,  show  the  gradual  return  to  the  point  of  instantaneous 
increase.     This  curve  shows  their  relation  to  the  point  /denoting  instan- 
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taneous  increase  and  the  point  ./  denoting  the  highest  point  in  curve  Ay 
Figure  ;,.  i.  e.,  the  threshold  for  the  rate  of  i8  in  0.15s.  The  object  of  these 
experiments  is  to  trace  the  connection  between  H  and  /.  Since  their 
relative  distance  is  very  much  magnified  in  Figure  4,  the  scale  in  this 
figure  should  be  compared  with  the  scale  in  figure  3. 

The  above  experiment  was  repeated  four  times  upon  the  writer,  as  far 
as  possible  under  similar  conditions.  The  results  are  expressed  in  Table 
IX  and  curve  D,  Figure  4. 

Table  IX. 
Four  experiments  upon  the  author ;  conditions  similar  to  those  in  the  preceding  table. 
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ation  same  as  in  Table  VI 1 1. 

These  results  agree  with  the  foregoing  in  that  they  show  that  the 
threshold  is  lowered  as  the  point  of  instantaneous  increase  is  approached. 

In  comparing  the  superposed  curves  in  Figures  3  and  4  it  must  be  re- 
membered that  there  are  important  differences  in  the  conditions  upon 
which  the  results  in  each  curve  are  based.  Therefore,  the  comparison 
must  not  be  one  of  absolute  units,  but  of  general  directions  and  tenden- 
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cies.  Thus,  in  Figure  3,  the  curves  descend  in  a  decided  manner  towards 
the  right,  and  in  Figure  4  they  descend  toward  the  left,  though  not  with  as 
great  regularity.  The  curves  in  these  two  figures  may  be  joined  together 
and  then  they  will  express  the  general  law  stated  in  the  next  paragraph. 

VIII.  Some  observations  and  conclusions. 

The  various  conclusions  in  regard  to  the  influence  of  the  rate  of  change 
upon  the  threshold  of  change  for  pressure  and  muscle  sense  made  under 
the  conditions  adopted  in  the  above  experiments  may  be  generalized  as 
follows  :  the  threshold  for  the  perception  of  difference  in  pressure  and 
lifted  weight  rises  rapidly  from  the  threshold  of  instantaneous  change 
and  soon  reaches  a  maximum  from  which  it  falls  off  gradually  until  the 
slowest  rate  at  which  the  change  can  be  perceived  at  all  has  been  reached. 

This  is  not  an  absolute  law,  but  it  is  a  well  defined  tendency.  Its 
value  depends  largely  upon  the  conformity  of  the  above  conditions 
of  experiment  to  the  normal  conditions  of  our  every-day  experience.  I 
have  hoped  to  obtain  the  facts  undistorted  by  using  the  so-called  "un- 
conscious" method  and  making  the  results  partially  statistical.  I  am 
not  going  to  enter  into  any  polemic  with  those  who  have  found  contra- 
dictory results  (mainly  Stratton),  for,  like  other  factors  in  our  percep- 
tion, the  rate  influence  depends  upon  its  relation  to  a  number  of  unknown 
subjective  and  objective  conditions  which  determine  its  nature  and  effect. 
The  subject  has  just  been  opened  for  experiment. 

Any  law  expressing  the  influence  of  the  rate  of  change  upon  the  per- 
ception of  difference  in  sensory  stimuli  must  be  stated  particularly  with 
reference  to  the  following  among  other  factors  : 

1.  The  special  sense  organ.  The  law,  derived  from  the  above 
experiments,  is  indicative  of  relations  that  we  find  to  obtain  in  other 
senses.  Thus,  there  is  a  general  agreement  between  these  results 
and  those  found  by  Scripture  and  Stern  on  sight  and  by  the  same 
authors  on  sound  (see  references,  p.  27),  but  there  are  important  dif- 
ferences depending  upon  the  functioning  of  the  particular  sense  organs. 
The  above  may  be  made  a  general  law  of  sensation,  but  it  has  definable 
peculiarities  for  each  sense.  Compare,  e.  g.,  Stern's  results  on  sight 
and  sound  or  mine  on  pressure  and  weight. 

2.  The  kind  of  threshold.  The  rate  influence  has  mainly  been  studied 
in  the  threshold  of  change.  It  is  equally  important  and  may  be  just  as 
well  studied  in  other  thresholds,  e.  g.,  the  threshold  of  sensation.  I  have 
made  some  experiments  upon  the  least  perceptible  touch  as  depending 
upon  the  rate  of  impact  of  the  stimulus.  These  experiments  were  made 
with  a  modified  form  of  apparatus  A.     The  rate  influence  was  here  more 
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marked  than  that  for  the  threshold  of  difference  in  pressure,  i.  e.,  the 
largest  stimulus  was  required  near  the  instantaneous  rate,  which  was  much 
lower  than  for  any  gradual  stimulus.  At  very  slow  rates  the  perception  be- 
came very  uncertain.  Thus,  1  found  it  possible  to  apply  a  pressure  of 
4C  over  an  area  only  i"""  in  diameter  upon  a  finger  without  the  observer 
being  able  to  detect  it.  1  have  made  similar  observations  on  the  thresh- 
olds of  sight  and  sound  and  on  the  thresholds  of  sensation,  disagreeable- 
ness,  and  pain  under  electrical  stimulation.  These  last  experiments 
were  made  by  an  ordinary  slide  inductorium  and  a  pair  of  electrodes. 
[n  such  experiments  the  psychological  method  promises  to  be  of  great 
value  for  the  study  of  the  development  of  sesthetical  ideas  and  tastes 
as  depending  upon  the  rate  at  which  the  sensory  impressions  are  made, 
e.g.,  in  approaching  the  threshold  of  pleasure  or  pain.  And,  what  is 
mainly  of  theoretical  interest  in  psychology  has  a  very  extensive  practical 
interest  for  education. 

11  \i.l  and  Donaldson  and  Stern  (see  references,  p.  27)  have  studied 
the  rate  influences  in  the  perception  of  motion  by  sight.  I  have  found 
a  marked  variation  in  the  perception  of  tactual  and  muscular  space.  It 
has  been  customary  to  take  the  rate  variation  into  consideration  in  esti- 
mating lifted  weights  by  requiring  that  the  weights  should  always  be  lifted 
to  the  same  height  at  the  same  rate.  MDller  and  Schumann's1  meas- 
urements on  this  point  are  valuable. 

I  have  constructed  a  dynamometer  for  measuring  active  pressure.  A 
beam  300"""  long  is  supported  upon  pivot  bearings  at  one  end.  The 
other  end  carries  a  pointer  which  moves  over  an  arc  graduated  empiri- 
cally from  o?  to  iooo1-'.  The  pointer  end  of  the  beam  is  supported  by  a 
steel  spring  of  seventy  coils  hung  vertically.  The  pressure  point  is  a 
hard  rubber  disk  15"""  in  diameter  supported  by  a  loop  from  a  point  on 
the  beam  75"""  from  the  bearing  end  of  the  beam.  This  is  a  convenient 
and  satisfactory  dynamometer.  In  some  experiments  I  required  the 
observer  to  press  to  the  standard,  500%  and  then  reproduce  it  from 
memory  at  various  rates  of  increase  in  pressure  so  as  to  reach  the 
standard  in  the  following  times:  (1)  2s;  (2)  the  observer's  own  time, 
generally  about  58;  (3)  5";  (4)  10s;  (5)  15s;  (6)  20s;  (7)  25s.  The 
standard  was  pressed  before  each  single  trial ;  it  was  aimed  to  reach  it  in 
5'.  The  results  show  that  the  slower  the  pressure  increases  the  more  it  is 
overestimated.     The  2"  pressure  is  generally  underestimated. 

What  is  true  for  one  unit  applies  also  more  or  less  to  other  units  of 
measurement  in  sensation.      I  made  some  experiments,  e.  g.,  on  the  double 

'.MCli.i'R  AND    Schumann,  Ueber  die  psychologischen    Grundlagen   der  Vergleichun 
gehobener  Gewichte,  Archiv.  f.  d.  ges.  Physiol.  (Pfliiger),  1889  XLV  37. 
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stimulus  in  pressure  with  a  standard  of  5s  using  apparatus  A  as  in  series 
I  with  rates  I,  II  and  V.  The  results  for  five  observers  were  :  I,  10.5s  J 
II,  12.1";  and  V,  13.4s,  i.  e.,  the  faster  the  increase  the  more  the  com- 
parative pressure  is  underestimated.  This  is  in  accord  with  the  laws 
found  for  dynamometry  and  for  the  threshold  of  pressure. 

The   rate  influence  is  not  limited  to  sensation.     It   enters  our  higher 
and  more  complex  emotional  and  intellectual  experience  and  activity. 

3.  The  standard   stimulus.      The   variation  with  the  standard  stimulus 
is,  perhaps,  best  expressed  by  Weber's  law. 

4.  The  direction  of  change.      For  most  stimuli   there  is  a  close  rela- 
tion between  the  threshold  for  increase  and  the  threshold  for  decrease. 

5.  Method  of  marking  the  beginning  and  the  end  of  change.  Any 
method  which  leaves  the  reaction-time  in  the  results  is  necessarily  crude 
and  the  methods  of  elimination  are  uncertain.  Introducing  other 
methods  changes  fundamental  factors  in  the  conditions.  Stratton's 
experiments  and  the  mine  have  shown  that  the  results  depend  to  a  great 
extent  upon  the  method.  According  to  Strattox,  the  law  may  even  be 
reversed.  We  may  grant  that  possibility,  but  that  does  not  detract  from 
the  value  of  our  results,  for  each  method  reveals  a  characteristic  tendency. 
It  seems  to  me  that  Stratton's  reversal  of  the  law  obtained  by  a  gra- 
dation-method, is  not  due  only  to  the  change  in  method  of  recording  the 
end  of  the  increment,  but  to  this  in  connection  with  other  important 
factors,  such  as  the  special  conditions  of  knowledge  of  the  physical  rela- 
tions and  the  state  of  preparedness. 

6.  Knowledge  of  the  facts.  This  changes  the  laws  of  perception  in 
several  ways.  Knowledge  of  the  physical  facts  acts  as  a  suggestion.  A 
conscious  or  unconscious  distortion  or  correction  is  liable  to  creep  in. 
The  unconscious  corrections  are  perhaps  the  most  vitiating.  Our  ordi- 
nary experience  affords  us  examples  of  change  in  which  the  physical  pro- 
cesses are  known  and  others  in  which  they  are  not,  and  our  experiences 
are  different  in  the  two  cases.  This  is  just  what  we  find  in  experiment. 
From  this  point  of  view  the  cases  in  question  must  be  stated  with  refer- 
ence to  (1)  the  state  of  expectancy  or  preparedness,  (2)  the  distribution 
of  attention,  and  (3)  the  degree  of  complexity  of  the  discrimination. 
It  is  well  known  what  a  difference  it  makes  whether  a  person  knows  what 
to  expect  and  when  and  how  to  expect  it.  Such  knowledge  guides  the 
distribution  of  attention.  Thus,  if  I  must  distribute  my  attentive  energy 
over  25s  it  will  be  less  potent  at  any  moment  of  response  than  if  it 
were  sharply  focused  just  for  that  moment.  But  on  the  other  hand,  dur- 
ing a  prolonged  uncertainty,  expectation  rises  and  the  effort  of  attention 
becomes  greater  and  greater. 
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In  a  former  article1  I  reported  some  measurements  on  illusions  of 
weight.  Since  then  it  has  occurred  to  me  that  we  may  not  only  measure 
an  illusion,  but  also  use  this  measurement  as  a  means  by  which  to  de- 
termine some  other  mental  factor  whose  relation  to  it  is  known.  An 
experimental  attempt  at  this  subject  revealed  another  problem  which  is 
involved  in  the  first  and,  at  the  same  time,  affords  a  field  in  which  the 
two  may  be  solved  together.  This  second  problem,  Avhich,  on  account 
of  the  outcome  of  the  experiments,  proves  to  be  the  most  important,  is 
this:  Does  Weber's  law  depend  upon  the  so-called  real  intensity  or 
upon  the  apparent  intensity  of  the  stimulus? 

As  a  most  distinct  and  manageable  case  in  which  to  carry  on  the 
investigation  I  selected  the  illusion  of  weight  which  is  due  to  the  knowl- 
edge of  the  size  of  the  object  lifted.  The  apparatus  consisted  of  three 
pairs  of  cylinders  (A,  B  and  C)  of  the  same  weight,  8oR,  and  the  same 
diameter,  37"""  ;  but  of  different  lengths,  A  being  2omm,  B  i2omm  and  C 
5omm.  The  cylinders  were  made  of  polished  hard  rubber  ;  in  external 
appearance  they  were  similar  in  all  respects  except  length.  The  bot- 
tom plates  were  screwed  in  and  could  be  removed  by  turning  them 
three-fourths  of  a  revolution  by  a  key.  A  steel  pin  rose  from  the  center 
of  each  bottom-plate  for  the  purpose  of  receiving  different  weights  con- 
sisting of  circular  disks  with  holes  in  the  centers  to  fit  this  pin.  There 
were  two  sets  of  these  weights  ;  one  of  ig  to  15s  by  one-gram  steps  and 
the  other  of  5B  to  40"  by  five-gram  steps.  The  adjustment  of  the  weight 
by  this  method  was  suggested  by  Dr.  Meumann,  of  Leipzig.  It  is  a 
modification  of  Professor  Jastrow's  muscle  sense  apparatus.  2 

Twenty  students  in  experimental  psychology  were  examined  and  asked 
to  give  their  judgments  regarding  the  heaviness  of  the  weights  but  to 
make  no  correction,  allowance,  or   guess,  based  upon  knowledge  of  the 

-    ISHORE,  Measurements  of  illusions  and  hallucinations  in  normal  life,  Stud.    Yale 
Psych.  Lab.,  1895  III  I. 

2 1  am  under  obligations  to  Professor  Bliss  for  facilities  and  suggestions,  and  to  mem- 
bers of  his  class  in  the  New  York  University  summer  school,  1896,  for  assistance 
as  observers  in  the  present  experiments. 
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illusion  involved.  As  has  been  proven  (pages  5-9  in  my  investigation 
cited  above)  the  illusion  of  weight  persists,  but  is  not  so  strong  when  the 
fact  of  the  illusion  is  known  ;  therefore,  observers  who  are  aware  of  the 
illusion  and  those  who  are  not  aware  of  it  fall  into  two  distinct  classes. 
In  the  present  experiments  even  the  details  of  the  illusions  of  weight  and 
of  this  illusion  in  particular  were  demonstrated  before  the  observers  until 
all  were  conversant  with  the  facts  in  question.  Therefore,  the  illusion 
here  measured  is  not  the  maximum.  The  preparatory  demonstration 
was,  however,  made  by  a  different  set  of  cylinders  in  which  the  diameters 
varied  so  that  none  of  the  observers  knew  the  exact  extent  of  the  illusion 
in  the  present  apparatus. 

The  aim  was  to  determine  two  classes  of  facts  :  ( 1 )  the  threshold,  or 
least  perceptible  difference,  for  each  pair  of  cylinders,  and  (2)  the 
amount  and  kind  of  illusion  in  A  and  B  respectively  when  measured  by 
C  as  a  standard.  The  first  was  determined  by  the  following  method  : 
The  weights  in  the  continuous  series  rising  by  one  gram  each  step  were 
tried  until  three  successive  increments  had  been  correctly  perceived. 
The  lowest  of  these  was  considered  a  threshold  value.  The  observers 
were  allowed  to  answer  "equal  "  or  "  different  "  and,  in  the  latter  case, 
they  were  required  to  point  out  the  heavier.  The  amount  of  the  illusion 
was  found  by  determining  how  much  the  weight  in  the  C  cylinder  had  to 
be  varied  from  the  standard  in  order  to  make  it  equal  to  the  A  cylinder. 
The  same  procedure  was  repeated  for  the  B  cylinder.  The  series  of 
weights  which  differed  by  five-gram  steps  were  used  in  the  measurement 
of  the  illusion. 

The  results  are  given  in  the  Table.  One  determination  was  made  in 
the  order  AA,  JB,  AC,  K,  K'  of  which  the  results  are  recorded  in  the 
0-columns.  Then  the  series  was  repeated  in  the  reverse  order  with 
another  complete  determination  on  each  point.  These  results  are  re- 
corded in  the  ^-columns.  For  the  threshold  a  and  b  have  the  same  value, 
but  in  the  illusion-measurements  a  represents  the  lowest  difference  which 
made  these  two  cylinders  apparently  equal,  and  b  the  highest ;  i.  e.,  in  a 
I  started  from  the  point  of  physical  equality  and  continued  to  the  first 
point  of  subjective  or  apparent  equality,  while  in  b  I  started  with  an  ex- 
cessive difference  and  decreased  this  until  the  upper  limit  of  apparent 
equality  was  reached. 

The  experimenter  handed  the  cylinders  from  behind  a  screen  by  pairs, 
placing  them  on  end  side  by  side  in  a  convenient  position  upon  a  baize- 
covered  table.      The  observer  was  required  to  grasp  them  as  nearly  as 
possible  in  the  same   manner  and  lift  them  always  to  the  same  height 
with  the  same  speed.     He  was  also  required  to  keep  them  as  near  to- 
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gether  as  possible,  and,  after  having  tried  them  back  and  forth,  to  inter- 
change them  in  position  and  again  compare  them  in  both  directions, 
continuing  as  long  as  he  thought  profitable.  Thus  the  errors  of  time, 
speed,  place,  fatigue,  practice,  surprise,  temperature  and  order  were 
fairly  eliminated. 
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The  unit  of  measure  is  the  gram. 

JA,  JB,  JC,  the  thresholds  for  the 
ctive  pairs. 

K,  overestimation  of  A  when  measured 
by  C. 

K' ,  underestimation  of  B  when  measured 
by  C. 

a,  the  first  measurement. 

b,  the  second  measurement. 

E,  the  proportion  of  errors  made ;  the 


numerator  expresses  the  number  of  so- 
called  wrong  judgments  made  out  of  the 
total  number  expressed  by  the  denominator. 

A,  average ;  M,  the  mean  of  the  two 
averages. 

d,  mean  variation ;  m,  the  mean  of  the 
two  mean  variations.  The  mean  variation 
for  the  series  may  be  found  by  dividing 
these  by  6.3. 
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The  necessity  of  retaining  the  same  standard  throughout  the  entire  ex- 
periment was  urged  upon  each  observer.  The  standard  of  sureness  can 
be  seen  to  some  extent  in  the  individual  records  by  comparing  the  num- 
ber of  errors  with  the  size  of  the  increments.  E  shows  the  number  of 
actual  errors  in  comparison  with  the  number  of  possible  errors,  or  the 
total  number  of  judgments  that  were  made.  The  comparatively  small 
number  of  errors  in  B  may  be  accounted  for  partially  by  the  favor- 
able position  of  B  in  the  order  of  trials.  The  ^-trials  in  C  were  often 
disturbed  by  their  proximity  to  the  illusion-trials,  and  A  was  subject 
to  still  more  disturbance  because  of  its  position  as  the  extreme  first 
and  last  trials.  I  call  these  so-called  wrong  judgments  "errors"  in  a 
different  sense  from  that  in  which  the  illusions  are  called  errors.  The 
illusions  are  normal,  but  what  is  here  called  an  error  is  not  based  upon 
any  such  constant  factor  that  is  known. 

The  variation  is  apparently  large,  but  it  must  be  remembered  that  it 
is  the  individual  variation  of  twenty  different  observers  from  their  average 
and  that  the  number  of  trials  on  each  observer  is  small.  The  general 
agreement  of  so  many  is  worth  more  than  the  consistency  of  one  in  a 
larger  number  of  trials.  If  we  consider  the  uniformity  of  the  conditions 
of  the  observers,  subjective  as  well  as  objective,  we  find  ourselves  justi- 
fied in  taking  the  averages  of  these  twenty  (in  all,  forty  complete  deter- 
minations on  each  point)  as  a  fair  expression  of  the  answer  to  the  two 
original  questions. 

Does  Weber's  law  depend  upon  the  real  or  upon  the  apparent  weights  ? 
If  upon  the  apparent,  is  there  any  traceable  law  ?  In  the  present  case  A 
is  overestimated  by  15. 8g  and  seems  to  weigh  95. 8g  in  terms  of  C  which 
we  assume  as  a  standard  and  common  measure.  According  to  that  a  physi- 
cal change  of,  e.  g.,  3.3s  in  A  will  appear  as  a  change  of 

95-8 
^-X3-3  =  4.o. 

On  the  other  hand  B  is  underestimated  by   12.  ig  and  appears  to  weigh 
67. 9*  in  terms  of  C.     Then  a  physical  change  of  the  same  amount,  $.$*, 

in  B  will  appear  as  a  change  of  — —  X  3.3=2.8.     There  is  a  coincidence 

80 

between  this  theoretical  consideration  and  the  above  results,  but  we  must 

seek  other  relations  in  the  results  in  order  to  get  a  more  direct  answer. 

The  ratios  for  the  relation  between  the  respective   thresholds  and  the 

standard  for  these  particular  conditions  are  : 

AB  =  TV,      ^  C=  ^  and  J  A  =  TV 
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These  are  the  constant  multiples  which  would  express  Weber's  law  for 
the  same  conditions  it"  the  measurements  were  repeated  with  any  standard 
weight  within  the  limits  in  which  the  law  is  applicable.  These  are,  how- 
ever,  onlj  representative  of  a  large  number  of  possible  illusions.  As  I 
have  proved  (pp.  3-5  in  the  article  cited  above)  within  certain  limits, 
the  illusion  varies  directly  with  the  difference  in  size.  We  might  have 
made  the  illusion  stronger  by  making  A  smaller  and  B  larger,  or  by  ob- 
taining the  naive,  "  unconcious"  judgment  of  the  observers.  In  such 
a  case  we  should  have  gotten  a  number  of  thresholds  outside  of  the  present 
extremes.  Similarly  we  might  have  decreased  the  illusion  down  to  zero. 
It  is  evident  then  that  if  we  state  that  Weber's  law  requires,  e.  g.,  ■£%  of  the 
standard  to  produce  a  just  noticeable  increment  on  8og  we  have  stated  it 
only  for  one  particular  relation  between  the  standard  weight  and  the  size 
of  the  object.  Grant  that  C  is  the  nearest  approach  that  we  can  get 
toward  freedom  from  this  one  illusion,  then  the  relation  of  the  threshold 
to  this  would  denote  that  which  is  generally  expressed  by  Weber's  law. 
But  a  large  number  of  conditions,  represented  by  A  and  B  are  just  as  im- 
portant from  a  practical  point  of  view,  for  it  is  very  rare  in  normal 
life  that  we  lift  objects  that  give  us  no  illusion.  This  was  preeminently 
true  in  the  classic  experiments  on  Weber's  law.  Now,  the  facts  known 
about  the  regularity  and  trend  of  this  illusion  justify  us  in  assuming  that, 
if  the  same  proportions  between  the  sizes  and  the  standard  weight  be  re- 
tained, the  illusion  will  approach  a  constant  fraction  of  the  standard  within 
the  limits  of  the  validity  of  Weber's  law.  Therefore,  if  we  had  determined 
the  threshold  empirically  under  all  possible  degrees  of  illusions  like  the 
one  under  discussion.  Weber's  law  might  be  expressed  for  all  standard 
weights  within  the  above  assumed  limits  by  as  many  fractions,  like  ■£%, 
as  there  are  illusory  effects  such  as  A  and  B  represent.  The  fact  of  this 
possibility  implies  an  affirmative  reply  to  our  first  inquiry,  namely,  that 
we  can  use  the  measurement  of  one  mental  characteristic  as  an  index  to 
another  ;  in  this  case  the  measured  illusion  is  an  index  to  the  threshold. 
An  attempt  to  state  it  from  such  a  complexity  of  conditions  might  seem 
hopeless,  but  the  above  results  give  us  a  key. 

First,  all  overestimation  lowers  the  threshold  and  all  underestimation 
raises  it.  Secondly,  retaining  the  notation  of  the  Table,  we  may  formulate 
the  results  thus : 

A  A         C-K 
AC  ~       C 

J/-'         C+K' 
and  —  =       (,    -. 
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The  error  involved  by  substituting  the  empirical  results  is  5%  in  the 
first  equation  and  10%  in  the  second.  Both  these,  it  may  be  seen  from 
the  table,  are  less  than  the  respective  mean  variations.  Disregarding  the 
illusion  (.AT  and  K'  in  the  above  formulas)  as  has  always  been  done,  the 
error  in  substitution  would  be  15%  in  the  first  and  21%  in  the  second 
equation.  Hence  Weber's  law  stands  in  a  much  closer  relation  to  the 
apparent  weight  than  to  the  physical  standard. 

If  we  know  the  increment  needed  for  an  object  of  a  given  weight  and 
size,  e.  g. ,  C,  at  any  standard,  and  know  the  amount  of  the  illusion  for 
all  differences  in  size  in  objects  of  this  weight,  we  may  be  able  to  calcu- 
late the  threshold  of  perceptible  difference  for  all  such  cases.      For 
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AB 
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C  +  K' 

2  3 

AC 

C  '' 
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2T 

and 


These  give  a  constant  fraction  for  all  the  equations,  in  this  case  approxi- 
mately -^3-.  This  fraction  may  be  supposed  to  hold  as  a  constant  for  all 
conditions,  of  which  the  above  A,  B  and  C  are  representative.  Hence, 
we  may  state  the  principle  for  the  dependence  of  Weber's  law  upon  ap- 
parent weight,  as 

AE 


S+  A' 


=  M 


where  AE  is  the  threshold  of  perceptible  difference,  6*  the  physical 
standard  weight,  K  the  amount  of  the  illusion  (which  must  retain  its 
sign  -)-  or  —  according  as  it  is  underestimation  or  overestimation  of  the 
standard),  and  Ma.  constant. 

A  question  may  here  be  raised  as  to  the  reason  for  and  effect  of  choos- 
ing C  of  this  particular  size.  It  was  chosen,  after  some  preliminary  ex- 
periments, because  it  seemed  to  correspond  fairly  to  the  size  that  the 
adopted  standard  weight  might  suggest.  What  would  have  been  the  ef- 
fect of  making  it  larger  or  smaller  than  this  ?  It  may  be  possible  to  detect 
some  law  for  the  dependence  of  the  illusion  upon  this,  but  at  the  present 
stage  of  measurements  in  illusions  this  factor  is  negligible  and  the  standard 
may  be  chosen  of  any  size  which  is  not  so  extreme  as  to  introduce  other 
sources  of  error,  such  as  difficulty  in  grasping,  provided  the  results  are 
stated  in  terms  of  that  size.      Such  results  may  also  be  convertible  into 
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terms  o\  each  other,  for  on  this  theory  we  may  add  the  illusion  of  A  to  the 
illusion  of  B  and  take  the  sum  of  these  as  the  expression  of  the  illusion  of 
either  A  or  B  in  terms  of  the  other.     Thus 

J  A     _  r>-(K+fC) 
JB  ~        ~~B~ 

dB      A  +  CK+K') 

JA  A 


The  error  involved  by  substituting  the  actual  figures  is  5%  for  the  first 
equation  and  7%  for  the  second.  Although  these  are  extreme  cases  the 
error  of  the  substitution  is  no  greater  than  that  found  when  the  mean,  C, 
was  used  as  a  standard.  Therefore,  within  obvious  limits,  we  are  justified 
in  choosing  the  standard  of  any  convenient  size  in  measurements  like 
these. 

Just  as  no  one  now  claims  an  exact  mathematical  conformity  for 
Weber's  law  in  any  sense,  we  must  construe  the  above  formula  liberally. 
There  may  be  some  more  determinable  factors  that  must  be  taken  into 
it ;  we  can  never  hope  to  determine  and  control  all  such  factors.  Judg- 
ments as  to  the  validity  of  the  law  have  heretofore  been  made  largely  upon 
experiments  that  involved  the  illusion  here  discussed,  or  similar  ones,  and 
the  variations  caused  by  them  have  been  counted  as  discrepancies  in  the 
law.  The  above  data  at  least  justify  us  in  assuming  this  relation  of  Weber's 
law  to  illusions  as  a  working  hypothesis.  It  promises  not  only  the  same 
degree  of  comformity  as  the  law  has  had  on  the  old  theory,  but  also  an 
extension  of  it  both  in  the  degree  of  conformity  and  the  range  of  its  ap- 
plicability. 
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We  may  suppose  that  in  primitive  times  quantities  were  measured  ac- 
cording to  mental  scales  ;  thus  distances  would  be  established  by  the  eye 
or  paced  off  by  walking,  weights  would  be  judged  by  the  effort  required 
to  lift  them,  etc.  In  most  cases  later  civilization  has,  by  the  method  of 
maximum  agreement,1  established  successively  finer  methods  wherein  the 
disagreements  due  to  the  personal  and  instrumental  differences  are  re- 
duced to  extremely  small  quantities.  These  are  the  so-called  "  physical  " 
or  "  instrumental  "  methods.  Thus  by  instrumental  methods  a  scale  for 
space  is  developed  from  the  standard  meter  bar,  or  a  scale  of  mass  from 
the  standard  kilogram.  With  such  scales  in  our  possession  the  problem 
arises  :  how  do  our  mental  scales  compare  with  the  instrumental  ones  ? 
The  solution  of  this  problem  in  regard  to  the  voluntary  efforts  used  in 
compressing  the  fingers  was  attempted  in  the  following  way. 

Apparatus. 

The  dynamometer.  Experience  with  various  dynamometers  led  to  the 
construction  of  a  new  one.  Two  spring-steel  rods  are  inserted  into  a 
brass  block  so  that  they  extend  from  one  side.  Flat  hard-rubber  knobs 
are  fastened  at  the  appropriate  distance  from  the  block ;  when  pressure  is 
applied  to  these  knobs,  the  rods  bend  inward  after  the  manner  of  sheep- 
shears.  A  light  plate  is  attached  to  the  end  o.f  one  rod ;  the  end  of  the 
other  rod  is  pointed  to  serve  as  an  index.  The  amount  of  the  pressure 
exerted  on  the  knobs  is  measured  by  the  deflection  of  the  rods,  and  this 
is  indicated  by  the  distance  through  which  the  index  passes  over  the 
plate.  The  physical  scale  is  established  by  resting  the  dynamometer  on 
one  knob  and  placing  weights  on  the  other  knob  ;  the  position  of  the 
index  for  each  weight  is  scratched  on  the  plate.  The  knobs  may  be 
placed  at  any  desired  point  along  the  rods.  As  they  are  placed  nearer 
to  the  block,  the  apparatus  becomes  less  sensitive  and  the  movement  less  ; 
as  they  are  moved  toward  the  ends  of  the  rods,  the  apparatus  becomes 
more  sensitive.  In  the  present  inrestigation  they  are  so  placed  that  the 
maximum  force  usually  exerted  makes  the  index  pass  over  the  entire  scale. 

1  SCRIPTURE,  New  Psychology,  ch.  Ill,  London,  1897. 
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The  instrument  is  graduated  for  one  position  of  the  knobs  and  must  then 
be  left  unaltered.  These  dynamometers  are  so  readily  made  that  it  is 
] 'referable  to  have  a  separate  one  for  any  special  problem  rather  than  to 
alter  the  knobs  and  change  the  scale. 

The  dynamometer  is  used  by  holding  it  up  between  the  ends  of  the 
thumb  and  one  of  the  fingers.  The  other  fingers  are  kept  away  from 
the  one  used.  The  metal  block  may  be  allowed  to  rest  lightly  on  the 
palm  of  the  hand.1 

The  dynamograph.  The  dynamometer  is  turned  into  a  dynamograph 
by  means  of  a  piston  recorder  or  a  recording  capsule.  The  particular 
one  used  in  the  following  experiments  was  made  by  fastening  one  of  the 
extra  glass"  cylinders  of  a  Hurthle  piston  recorder  to  one  of  the  steel 
rods  while  the  piston  was  fastened  to  the  other  rod.  Pressure  on  the 
knobs  caused  the  piston  to  descend  in  the  cylinder  and  the  air  to  pass 
through  the  rubber  tube  to  the  recorder.  The  cylinder  is  adjustable  to 
any  point  on  the  rods  ;  this  regulates  the  amount  of  movement  in  the 
piston. 

The  recording  point  is  rested  against  any  smoked  surface  in  the  usual 
way.  It  repeats  the  movement  of  the  piston  on  the  dynamometer  and 
consequently  indicates  the  pressure  exerted.  To  graduate  the  record  the 
dynamometer  is  placed  in  a  vise  or  a  clamp  and  is  subjected  to  pressure 
so  that  its  index  reads  i,  2,  3,  etc.  on  the  scale  ;  the  position  of  the  re- 
cording point  at  each  of  these  readings  is  marked  on  the  smoked  surface. 


Scale    for   the  thumb  and  finger. 

Two  points  are  to  be  determined  for  our  scale  of  voluntary  effort  :    1, 
the  relation  of  its  units  to  the  weight  units ;  2,  its  regularity. 

The  subject  of  the  experiment  takes  the  dynamometer  in  his  hand. 
At  the  command  "One"  he  exerts  a  light  pressure;  at  the  command 
"Two"  a  pressure  intended  to  be  twice  as  great ;  at  "Three"  three 
times  as  great ;  etc.  At  each  pressure  the  recording  point  marks  its  ex- 
cursion on  the  smoked  surface  ;  between  records  the  surface  is  moved  so 
as  to  keep  the  marks  separate.  The  experiment  is  repeated  several  times. 
Then  the  dynamometer  is  placed  in  the  vise,  which  is  screwed  up  until 
the  index  indicates  a  pressure  of  ike  ;  a  turn  of  the  drum  inscribes  the 
line  for  ikt'  on  all  records.  This  is  repeated  for  2kg,  etc.  The  records 
are  then  read  in  tenths  of  a  kilogram. 

1  This  dynamometer  and  the  dynamograph  are  pictured  in  SCRIPTURE,  New  Psychology, 
Figures  4  and  24,  London,  1X97. 
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The  following  is  a  specimen  record  ;  the  figures  in  the  top  line  give 
the  relative  intensities  of  the  efforts  as  intended,  while  the  actual  results 
of  five  experiments  are  recorded  below  them.     The  unit  is  the  kilogram. 


x 

2 

3 

4 

0.5 

I.O 

i-7 

3-3 

0.4 

I.O 

1.6 

2.8 

0.5 

I.O 

1.6 

2-5 

0.8 

1.6 

2-5 

3-7 

0.9 

2.1 

3-2 

4-i 

The  question  arises  concerning  the  proper  method  for  computing  the 
results.  If  the  values  in  each  column  represent  identical  processes,  they 
should  be  added  directly.  This  is  the  method  which  I  have  followed  in 
reporting  the  results  in  the  New  Psychology  (p.  218).  Further  con- 
sideration leads  me  to  modify  the  procedure.  The  values  for  effort  1  are 
not  intended  to  be  one  particular  effort,  but  any  convenient  light  effort 
to  start  with.  Likewise  the  values  for  effort  2  are  not  attempts  at  a  cer- 
tain definite  effort,  but  are  attempts  to  double  effort  1,  which  may  be 
different  for  different  experiments,  etc.  The  proper  procedure  seems, 
therefore,  to  lie  in  measuring  efforts  2,  3  and  4  by  effort  1,  as  a  unit ; 
this  is  done  by  dividing  all  four  records  by  the  record  for  effort  1  in 
each  experiment  separately.  The  specimen  record  then  takes  on  the 
following  form  : 


I 

2 

3 

4 

I 

2.0 

3-4 

6.6 

I 

2.5 

4.0 

7.0 

I 

2.0 

3-2 

5-0 

I 

2.0 

3-i 

4.6 

I 

2-3 

3-6 

4.6 

The  averages  and  mean  variations  are  then  computed  in  the  usual  way. 
The  results  for  several  observers  are  given  in  the  following  table  : 


Table  I. 

Subject. 

1           dx 

2 

<*, 

3 

d^ 

4 

d, 

n 

I 

1         29% 

2.1 

9% 

3-5 

7% 

5-6 

2% 

5 

II 

1         14% 

2.0 

"% 

3-3 

21% 

7-1 

19% 

5 

III 

1         25% 

3-o 

27% 

5-7 

33% 

11. 4 

14% 

4 

IV 

1         22% 

2.2 

14% 

3-i 

29% 

4.6 

24% 

4 

dt,  d2,  d3,  dv  mean  variations. 


«,  number  of  experiments  , 


7  2  /•'.  //'.  Scripture, 

Scale  tor  forearm  and  handj 

These  experiments  were  made  with  a  dynamometer  eonstrncted  by  Dr. 
Se  vsh<  ire  i  p.  bo,  above).  A  light  wooden  rod  was  hinged  at  one  end  to 
an  upright  :  a  coiled  spring  supported  the  rod  in  a  horizonal  position. 
Pressure  on  the  rod  at  a  given  point  deflected  it  downward;  this  point 
was  chosen  very  near  to  the  axis  in  order  to  make  the  movement  a  mini- 
mum.      An   index   at  the  movable  end  of  the  rod  passed  over  an  arc 

dilated  in  grams. 

The  subject  was  seated  with  the  hand  and  arm  extended  horizontally. 
At  the  signals  he  executed  downward  pressures  intended  to  be  in  the  re- 
lations ot  i,  2  and  4.  The  results  are  given  in  the  following  table. 
The  experiments  were  all  made  by  me  on  Dr.  SeashorV.  on  the  same  day 
in  successive  groups. 


Table  II. 

I 

</, 

2 

d, 

4 

<h 

n 

I 

12% 

2.2 

9% 

3.8 

"% 

IO 

I 

17% 

2-3 

24% 

3-9 

23% 

IO 

I 

23% 

2.4 

13% 

4.2 

17% 

IO 

I 

26% 

23 

20% 

4-1 

28% 

IO 

I 

19% 

2.1 

15% 

3-3 

14% 

IO 

Mean I  19%  2.3  16%  3.9  21%  50 

(/,,(/,,  t/v  mean   variations.  |    ;/,  number  of  experiments. 

Conclusions  concerning  the  scales. 

The  mental  scale  of  exertion  is  a  fairly  definite  affair.  It  varies  con- 
siderably in  different  individuals,  but  is  fairly  constant  for  the  same 
individual  on  a  given  occasion. 

The  question  of  how  these  scales  are  established  by  past  experience  is 
not  touched  upon  ;  the  problem  for  the  experiments  related  to  the  actu- 
ally existing  scale. 

Repeated  voluntary  efforts. 

(Henry  R.  McDermott.) 

The  purpose  of  these  experiments  was  to  measure,  not  the  fatigue  of 
maximum  pressure,  but  the  fatigue  resulting  from  many  repetitions  of  a 
moderate  pressure,  thus  showing  the  fatigue  of  the  finger  muscles  under 
control  of  the  will  involving  concentrated  attention. 
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The  instrument  used  was  the  dynamometer  described  above  (p.  69). 
•  The  first  person  experimented  on,  A.  G.,  was  a  High  School  student. 
I  allowed  him  to  give  a  desired  pressure  .and  then  told  him  to  relax  the 
grip,  and  with  the  eyes  closed  to  give  the  same  pressure  as  before. 
His  results  expressed  in  dekagrams  were  as  follows  :  78,  75,  80,  76,  85, 
85,  85,  85,  83,  80,  84,  85,  90,  85,  85,  86,  82,  85,  80,  83,  83,  83,  84, 
84,  85,  86,  90,  89,  90,  90,  90. 

At  90  the  pointer  touched  the  extreme  of  the  scale  and  continued  to  do 
so  for  several  seconds.  In  this  set  we  see  a  tendency  to  gradually  in- 
crease the  grip  as  it  is  repeated  ;  this  is  exactly  the  opposite  of  what  was 
expected.  The  results  fluctuate  for  a  time  and  then  for  a  few  seconds 
become  regular.  On  the  average,  however,  they  slowly,  yet  constantly, 
increase  in  strength. 

The  second  person  experimented  on  was  also  a  High  School  student, 
F.  C.     His  results  were  55,  70,  65,  70,  70,  75,  74,  76,  80,  80,  80,  82, 

74,  80,  83,  82,  86,  85,  85,  85,  85,  83,  84,  82,  81,  78,  82,  85,  86,  83, 
80,   82,   82,    83,   83,  82,   83,   85,   85,  81,   76,  77,  79,   80,  80,    73,  74, 

75,  80,  78,  80,  80,  85,  90,  90,  88,  90.  88,  90,  90,  90,  90,  90,  90,  90, 
90,  88,  89,  90,  90,  85,  89,  89,  88,  88,  90,  90,  90.  In  this  set  we 
see  nothing  very  different  from  the  first,  except  that  there  was  greater 
regularity  at  the  start  and  that  the  difference  between  beginning  and  end 
was  greater  because  the  starting  point  was  lower. 

The  third  person  experimented  on  was  also  a  High  School  student, 
N.  B.      His  results  were,  30,  34,  32,  ^^,  32,  29,  32,  29,  30,  30,  32,  30, 

34,  33,  3i,  29,  29,  29,  29>  31,  31,  32,  29,  33,  35,  32,  35>  4°,  45>  35, 
39,  38,  40,  38,  39,  4i,  4°,  36,   32,  4o,  4°,  35,  36,  34,  3°,  38,  35,  35, 

35,  35,  36,  34,  36,  4o,  40,  35,  4°,  4°,  42,  40,  39,  4°,  5°,  5°,  48,  45, 
50,  50,  48,  44,  45,  44,  40,  40,  43,  44,  45,  44,  41,  40-  In  this  set 
we  have  a  remarkable  constancy  of  exertion.  However,  the  tendency 
to  increase  is  noticeable,  as  almost  all  the  later  results  are  greater  than 
earlier  ones.  The  greatest  difference  is  20,  in  contrast  with  26  of  A.  G. 
and  35  of  F.  C.  ;  both  of  which  would  have  been  even  greater  had  the 
scale  been  longer. 

The  fourth  subject  was  a  college  student,  J.  R.  N.  His  results  were 
47,  55,  5°,  51,  55,  6°,  62>  56,  60,  64,  66,  65,  71.  65,  72,  68,  68,  70, 
66,  65,  68,  75,  76.  In  this  set  we  have  an  almost  constant  increase  up  to 
a  maximum  of  29,  which  is  large  considering  the  shortness  of  the  experi- 
ment. 

The  fifth  subject  was  D.  J.  R.,  a  carpenter.  His  results  were  55,  53, 
54,  65,  66,  68,  65,  66,  77,  75,  73,  72,  78,  78,  80,  82,  85,  85,  87,  85, 
82,   83,   80,   82,   81,  85,   87,   90,  85,   87,   90,  90,  90,  90.       At  90  the 
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pointer  touched  the  extreme  of  the  scale.      Here  we   see  the  same  steady 
increase  up  to  the  limit  of  the  instrument. 

The  sixth  subje<  t  was  a  young  lady,  Miss  F.  Her  results  were  45,  47, 
36.  42.  45,  50,  50,  44.  43>  51,  55,  56>  55.  46,  40,  47,  52,  54,  60,  54, 
56,  40,  49.  53,  47-  49,  4<s,  54.  45,  56>  58,  57,  60,  60,  54,  61,  65,  70, 
74.  74.  74.  72.  59,  52,  58,  66,  55,  70,  71,  72,  68,  70,  70,  64,  68,  65. 
Here  we  have  the  same  general  result,  except  that  it  is  more  irregular 
than  the  previous  ones. 

The  preliminary  experiments  seemed  to  point  to  something  definite,  so 
for  seven  successive  days  at  about  6. 30  P.  M.  I  made  sixty  experiments  on 
D.  J.  R.  to  determine  his  average  progressive  error  and  mean  variation. 
He  is  a  carpenter,  24  years  of  age,  5  feet  11  inches  (i8o.6om)  in  height 
and  weighs  175  lbs.  (79450*).  He  uses  his  hands  in  hammering,  saw- 
ing, planing  and  so  on  ;  he  is  therefore  not  easily  fatigued,  and  at  the 
-~ame  time  his  judgments  by  the  ''muscle  sense"  should  be  accurate  be- 
cause of  this  training. 

In  the  following  table  the  lines  across  the  page  give  the  averages  for 
the  experiments  of  the  seven  days.  The  first  line  gives  the  serial  num- 
ber of  the  contraction;  the  second  line  gives  the  difference — "progres- 
sive error" — between  each  contraction  and  the  initial  contraction  of  20 
dekagrams.     The  third  line  gives  the  mean  variations. 


Serial  number 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Progressive  error 

0 

O 

03 

0.1 

1-3 

1.9 

2-3 

1-9 

1-9 

2.6 

2.0 

3-9 

Mean  variation 

0 

1-7 

2-3 

2-7 

2.9 

2.8 

3-8 

4-4 

5-2 

4.8 

3-7 

4.2 

'3 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

2-7 

3-6 

3-6 

4-3 

3-7 

30 

4.1 

3-7 

4.0 

3-' 

3-9 

4-3 

3-6 

4-2 

4-7 

7° 

5-4 

4-9 

5.0 

4-4 

5-4 

6.2 

5-2 

5.0 

25 

26 

27 

28 

29 

30 

3i 

32 

3i 

34 

35 

36 

5.6 

54 

5-4 

4.6 

5-i 

5-9 

4-7 

5-3 

5-3 

5-4 

5-6 

6-3 

7-4 

8.3 

8.0 

7-7 

8.2 

7.2 

8.2 

7-8 

9.0 

7.2 

8.0 

8.8 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

6.6 

4.9 

5-6 

5-7 

5-6 

6.4 

6.0 

4.6 

50 

4-4 

4-4 

4.6 

9  7 

7.8 

7-7 

7.6 

8-3 

7-7 

7-1 

6.7 

7-1 

6.9 

7-1 

6.1 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

3-4 

4.0 

4-3 

6-3 

6.3 

4-7 

3-7 

3-7 

4-3 

7-o 

7.0 

6.4 

6.7 

7-o 

5-7 

6.7 

6.0 

6.2 

5-7 

7-1 

8.9 

8-3 

8.1 

7-7 

These  results  are  exhibited  in  Figure  5. 
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Using  "  fatigue  "  to  mean  a  decrease  in  functional  activity  as  denned 
on  p.  14,  we  can  consider  both  the  progressive  error  and  the  mean  varia- 
tion in  the  preceding  experiments  to  be  phenomena  of  fatigue.    Although 
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Horizontal    axis,    serial    number  of   ex- 
periment. 

Vertical  axis,  number  of  grams. 


F,  course  of  progressive  error. 
M,  course  of  mean  variation. 


the  actual  force  exerted  increased  as  the  efforts  were  repeated,  yet,  since 
they  were  intended  to  be  equal  to  the  first  one  (or  to  the  preceding 
ones),  they  became  steadily  less  accurate.  This  increasing  inaccuracy 
of  judgment  is  properly  a  phenomenon  of  fatigue.  Likewise  the  increas- 
ing uncertainty,  as  measured  by  the  mean  variation,  is  a  constantly  recur- 
ring phenomenon  of  fatigue. 


NEW  APPARATUS  AND  METHODS. 
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Those  pieces  of  apparatus  which  have  been  developed  for  purposes  of 
research  have  been  in  general  described  in  connection  with  the  investi- 
gations for  which  they  were  first  used.  There  remain  two  classes  of  ap- 
paratus for  special  description.  The  first  class  is  that  of  general  utility 
for  all  purposes ;  the  second  that  for  demonstration  purposes.  Both 
classes  are  largely  the  effects  of  the  increased  numbers  of  students,  whereby 
it  becomes  necessary  to  provide  labor-saving  utility-pieces  and  practica- 
ble means  for  demonstrations  on  a  large  scale. 

Lamp  batteries. 

Long  experience  with  galvanic  and  storage  batteries  of  many  sorts 
made  it  evident  that  some  method  must  be  devised  by  which  the  city 
current  could  be  made  available  for  all  the  battery  work  of  the  laboratory. 
\-  the  Yale  laboratory  is  supplied  with  the  no-volt  direct  current,  the 
problem  was  reduced  to  that  of  finding  a  method  of  readily  transforming 
it  at  any  point  in  the  building  to  a  current  of  lower  voltage. 

A  motor-dynamo,  or  motor-transformer,  was  considered.  This  ma- 
chine is  attached  to  the  supply  wires  at  any  point ;  two  wires  leading  from 
it  furnish  the  current  at  the  particular  voltage  for  which  the  machine  was 
built.  It  is,  however,  quite  costly  and  also  inconveniently  heavy.  A 
laboratory  of  any  size  can  hardly  do  with  an  equipment  of  less  than  ten 
batteries  \  such  a  set  of  motor-dynamos  would  be  quite  beyond  the  reach 
of  most  institutions.  A  larger  motor-dynamo  might  be  used  to  distribute 
a  low-voltage  current  throughout  the  laboratory  by  a  special  set  of  wires. 
This  method  is  open  to  many  objections  ;  it  need  not  be  considered  when 
the  laboratory  receives  the  no-volt  direct  current,  as  the  lamp  batteries 
offer  a  better  solution.  When,  however,  an  alternating  current  or  one  of 
very  high  voltage  is  received,  the  proper  method  would  presumably  be  to 
transform  it  to  a  direct  one  of  25  volts  and  send  it  through  the  laboratory 
to  be  used  from  sockets  by  means  of  the  appropriate  lamp  batteries. 

It  was  suggested  by  Prof.  A.  Wright,  of  the  Physical  Laboratory,  that 
a  shunt  arrangement  might  be  made  by  means  of  lamps  in  such  a  manner 
as  to  yield  a  current  of  the  desired  amount  and  tension.     This  was  tried, 
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but  owing  to  the  lack  of  lamps  suitable  for  the  shunt,  a  coil  of  wire  was 
used.1  The  arrangement  was  fairly  successful,  but  was  finally  aban- 
doned. A  study  of  catalogues  of  incandescent  lamps  showed  that  the 
original  idea  was  a  possible  one  ;  thus  the  lamp  battery  was  finally  de- 
veloped. 

The  principle  of  the  lamp  battery  may  be  explained  by  describing  the 
method  of  construction.  A  convenient  form  of  battery  is  made  as  fol- 
lows :  A  base-board  10  x  6  inches  (say  25x15  centimeters)  is  sawed  from 
a  board  1  inch  (2^2  centimeters)  thick.  It  is  convenient  to  keep  a 
supply  of  such  bases  varnished  and  ready  for  use,  as  an  extra  battery  may  be 


Fig.  6. 


required  at  any  time.  Three  lamp  sockets  (so-called  ' '  wall  receptacles' ' ) 
a  snap  switch  and  two  binding-posts  are  then  screwed  to  the  board  in  the 
positions  indicated  in  Figure  6.  Socket  A  is  for  lamps  with  the  same 
base  as  that  used  on  fhe  regular  supply  circuit  for  lighting  the  building  ; 
sockets  B  and  Care  for  lamps  with  a  different  base.  For  example,  I  use 
the  T-H  base  for  A  and  the  Edison  base  for  B  and  C.  Thus  it  is  im- 
possible to  place  a  lamp  in  the  socket  not  intended  for  it.  The  battery 
is  wired  with  the  usual  silk-covered  lamp  cord,  the  ends  being  neatly 
tied  with  thread.  The  method  of  wiring  is  sufficiently  indicated  in  the 
figure.  A  supply  of  plug  wires  is  prepared.  What  I  call  a  "plug  wire," 
for  lack  of  a  better  term,  is  made  by  connecting  the  ends  of  an  ordinary 

1  Scripture,  Some  nrw  apparatus,  Stud.  Vale  Psych.  Lab.,  1895  III  109. 
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lamp  cord  (6  feet,  or  2  meters)  to  a  socket  plug;  the  other  ends  are 
s<  raped,  bound  with  thread  and  left  free. 

I  0  use  the  battery  a  plug  wire  is  inserted  in  any  lamp  socket  on  the 
supply  circuit.  The  free  ends  are  brought  to  the  binding-posts  E  and  F. 
A  110-volt  lamp  of  the  required  amperage  is  placed  in  A.  Thus  for  an 
electric  fork  a  1 -ampere  lamp  will  be  used,  for  a  spark  coil  a  4 -ampere 
lamp.  etc.  A  low  voltage  lamp  of  the  same  or  greater  amperage  than 
the  one  in  A  is  inserted  in  B.  Thus  for  the  electric  fork  the  lamp  must 
carry  at  least  1  ampere  in  order  to  correspond  with  the  lamp  in  A  ;  it 
may  conveniently  be  of  10  volts.  For  the  spark  coil  a  lamp  of  8  volts  4 
amperes  would  be  suitable. 

A  plug  wire  is  now  placed  in  C,  and  the  switch  D  is  snapped  to  turn 
the  current  on.  At  the  ends  of  the  wires  from  the  plug  in  C  a  current 
can  now  be  drawn  whose  maximum  intensity  is  practically  the  same  as 
that  in  the  lamp  A  and  whose  tension  is  practically  the  same  as  that  at 
the  poles  of  the  lamp  B.  In  the  case  of  the  electric  fork  it  would  be  a 
current  of  10  volts  1  ampere;  for  the  spark  coil  it  would  be  8  volts  4 
amperes. 

The  lamp  battery  behaves  like  any  other  battery.  Increased  resistance 
in  the  external  current  decreases  the  intensity  of  the  current  delivered, 
etc.  For  circuits  of  great  resistance  a  lamp  of  higher  voltage  may  be 
used  in  B.  For  larger  currents  than  4  amperes  the  sockets  at  A  and  B 
are  doubled,  as  it  is  not  advisable  to  use  the  ordinary  socket  for  a  cur- 
rent of  more  than  4  amperes  on  a  no-volt  circuit. 

The  character  of  the  lamp  batteries  can  be  seen  from  the  following  tables. 


Table  I. 

Lamps  used  in  the  batteries. 
Large  Lamps.  Sm  \i  1   Lamps. 


Mark 
on  Lamp. 

Trade  Name 

Mark 
on  Lamp 

Trade 

Name. 

A 

no  volts 

100  c.  p. 

4 

amperes. 

m 

8  volts       4 

ampdres. 

B 

no  volts 

100  c.  p. 

VA 

amperes. 

n 

8  volts       4 

amperes, 

1 

no  volts 

64  c.  p. 

0 

8  volts       4 

amperes 

1) 

no  volts 

32  <-■  P- 

P 

12  volts       3 

amperes 

1 

no  volts 

16  c.  p 

q 

12  volts       2 

amperes 

1 

no  volts 

8  c.  p. 

r 
s 

.t 
u 

V 

12  volts       I 
12  volts        O. 
10  volts       1 
6  volts       I 
20  volts     16 

ampere. 
7  ampere, 
ampere, 
ampere, 
e.  p. 
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Table  II. 

• 

Results  of  various  combinations  of  lamps. 

Lamps  used. 

Am     An     Ao     Bm     Bn     Bo     Bv     Cm 

Cn 

Co 

Cp 

Cq 

Cv 

Potential  in  volts. 

9        5        7        7       5       6      37      4 

4 

.7 

IO 

25 

Max.  cur.  in  amp. 

4.0     4.0     4.0     3.5    3.5     3.5    3.5     1.9 

1-9 

1-9 

1-9 

1.9 

i-9 

Lamps  used. 

Dp     Dq     Dr     Dt     Du     Dv     Eq     Er     Es 

Et 

Eu 

Ev 

Fs 

Fv 

Potential  in  volts. 

4        5       11      10      5       15        35        7 

4 

2 

8 

4 

6 

Max.  cur.  in  amp. 

1.0    1.0    1.0    1.0    1.0    1.0    0.5    0.5    0.5 

°-5 

o.5 

0.5 

03 

°-3 

As  it  is  sometimes  desirable  to  distinguish  the  poles  of  the  battery,  the 
left  hand  wire  has  a  red  covering,  while  the  right  hand  wire  has  a  green 
one,  and  all  the  sockets  are  so  placed  that  the  central  contact  is  con- 
nected with  the  red  wire.  For  the  plug  wires  I  use  a  twisted  red  and 
green  cord,  with  the  red  cord  connected  to  the  central  contact.  All 
sockets  on  the  supply  wires  have  the  central  contact  connected  with  the 
positive  wire.     Thus  all  central  contacts  and  all  red  wires  are  positive. 


Fig.    7. 


Some  of  the  lamp  batteries  are  wired  in  a  slightly  different  manner. 
The  purpose  of  the  new  wiring  is  to  render  it  possible  to  use  two  circuits 
in  parallel.  For  example,  to  run  a  Deprez  marker  with  a  100  v.  d. 
electric  fork,  having  a  low  resistance  magnet,  the  fork  should  not  be 
placed  in  series  with  the  marker  as  the  current  running  through  the  fork 
would  be  greatly  reduced  by  the  high  resistance  of  the  marker.  The 
proper  way  is  to  run  the  wires  from  the  battery  to  the  marker  and  then 


So 
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place  the  fork  as  a  shunl  around  the  marker.  Every  time  the  fork  makes 
i  ontact  the  current  pulls  the  prongs  but  is  shunted  from  the  marker  be- 
i  ause  the  fork  offers  so  much  less  resistanee,  whereas  at  every  break  of 
(  ontact  the  current  is  forced  through  the  marker.  Thus  a  large  current 
may  be  used  for  the  fork  and  a  small  one  for  the  marker.  This  method 
of  connection  may  be  arranged  with  the  lamp  battery  just  as  with  other 
batteries,  but  a  further  improvement  may  be  made.  A  fourth  socket,  G, 
is  placed  in  series  with  the  socket  for  the  small  lamp,  as  shown  in  Figure 
7.  The  lamps  are  arranged  as  before  ;  the  plug  wire  from  Cis  connected 
with  the  fork  and  another  plug  wire  from  G  with  the  marker.  The  bat- 
tery runs  the  fork  as  usual.  Every  contact  of  the  fork  shunts  the  current 
from  B  and  G  ;  every  break  of  the  fork,  however,  forces  the  current  at 
a  tension  of  1 10  volts  through  the  marker.  The  advantage  of  this  arrange- 
ment is  frequently  very  great.  This  form  of  battery  may  be  conveniently 
termed  the  "  extra  circuit  battery."  By  closing  G  with  a  metal  plug  the 
battery  may  be  changed  to  the  same  system  as  Figure  6. 

To  save  time  and  space  I  mount  several  lamp  batteries  on  a  single 
board  and  fasten  it  on  the  wall  where  it  is  likely  to  be  used.  Figure  8 
shows  such  a  battery  board  placed  over  the  drum-table  in  the  time-room. 
The  switch  at  the  top  turns  off  the  current  completely  ;  the  socket  in  the 
middle  gives  direct  access  to  the  no-volt  supply,  e.  g.,  for  running  a 
motor.  From  the  fuse  block  at  the  bottom  the  wires  divide  to  the  four 
batteries,  each  battery  having  its  separate  switch.  Two  of  the  batteries 
are  wired  by  the  method  shown  in  Figure  6.  The  first  and  third, 
counting  from  the  left,  are  wired  after  Figure   7  ;  the  plugs  for  closing 

the  extra  sockets  hang  at  the  sides 
when  not  in  use.  The  extra  switch 
introduced  in  the  latter  batteries  ena- 
bles further  changes,  but  the  arrange- 
ment is  too  complicated  for  ordinary 
use.  The  cost  of  a  lamp  battery  is 
much  less  than  that  of  a  correspond- 
ing galvanic  battery  ;  the  expense  of 
running  it  on  the  city  circuit  is  tri- 
fling ;  the  only  renewals  are  those  of 
the  lamp  when  it  is  burned  out ;  a  new 
battery  can  lie  made  in  ten  minutes  ;  the  saving  of  time  formerly  re- 
quired for  setting  up  or  replenishing  batteries  is  worthy  of  consideration. 

Multiple  kkv. 
The  multiple  key  described  in  the  first  number  of  these  Studies  (pp. 


Fig.   8. 
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io,  97)  has  undergone  further  improvement.  In  addition  to  changes 
in  execution  such  as  greater  lightness  of  the  parts  and  fineness  of  work- 
manship, the  following  important  alterations  have  been  made.  1.  An- 
other break  contact  has  been  added  to  the  rear  end  of  the  lower  lever  ; 
thus  two  circuits  can  be  broken  simultaneously  by  pressure  on  the  key, 
with  or  without  closing  one  or  two  other  circuits  at  the  same  movement. 
This  double  break  is  not  only  very  useful  on  many  occasions,  but  is  some- 
times indispensable.  2.  The  point  which  dips  into  the  mercury  cup  has 
been  made  adjustable.      3.   The  main  contacts  are  independent;  this  re- 


Fig.    19. 

quires  twelve  binding  posts.  4.  All  connections  are  made  on  top  so 
as  to  be  directly  visible.  The  system  of  connection  can  be  seen  in 
Figure  19.  The  wire  from  the  further  post  on  the  front  of  the  key  leads 
to  the  mercury  cup  which  is  hidden  by  the  third  post  from  the  left  in 
front  in  the  figure. 

In  this  connection  it  may  be  well  to  mention  that,  when  this  key  (or 
any  other  key)  is  used  with  the  spark  coil,  the  condenser  should  be  con- 
nected around  the  place  where  the  circuit  is  broken.  The  spark  coil 
should  have  a  separable  condenser.  When  a  coil  is  to  be  bought,  it 
may  be  ordered  to  be  built  in  three  separate  pieces  ;  the  primary  coil, 
the  secondary  coil  and  the  condenser.  The  condenser  can  then  be  used 
anywhere.  The  independent  primary  is  useful  for  teaching  the  construc- 
tion and  use  of  the  spark  coil.  The  magnetic  interrupter  is  not  needed  ; 
by  omitting  it  separable  the  form  of  the  spark  coil  becomes  cheaper  than 
the  usual  one. 


Adjustable  support  for  recording  instruments. 

For  the  convenient  adjustment  of  forks  and  markers  so  that  they  may 
write  properly  on  the  revolving  drum  I  have  devised  the  support  shown 
in  Figure  10. 
6 
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The  horizontal  rod  is  fastened  in  any  desired  position  to  the  upright 
rod  o\  the  drum-carriage  by  means  of  the  clamp  M  with  the  screws  A 
and  B.  The  horizontal  rod  T  runs  through  the  hollow  rod  P.  At  its  end 
is  a  screw-thread  on  which  the  nut  F  is  placed.  The  nut  F  is  so  adjusted 
that  the  hollow  rod  P  plays  freely  but  without  shake  around  the  hori- 
zontal rod.     The  jamb-s<  rev*   E  locks  Fin  position.     The  upper  arm  Q 
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with  the  screw  N  is  fast  to  the  horizontal  rod,  and  the  arm  O  to  the 
hollow  rod  P.      The  arm  O  is  held  against  the  screw  JVhy  a  spring. 

If  a  fork  is  to  be  used,  a  hole  is  bored  in  the  wooden  base  ;  it  is  then 
placed  on  R  and  screwed  tightly  down  by  means  of  S.  The  fork  is  then 
brought  into  rough  adjustment  and  fastened  by  /  on  the  rod  P.  If  a 
marker  is  used,  it  is  placed  directly  on  P. 

The  finer  adjustment  is  done  by  the  screw  N  which  slowly  moves  the 
arm  O  and  lowers  or  raises  the  fork.  Pressure  of  the  finger  on  O  lifts 
the  recording  point  at  once  from  the  paper.  A  view  of  a  fork  applied 
to  the  drum  in  this  way  is  to  be  seen  in   my  New  Psychology,  Figure  6. 

The  clamp  M  may  be  of  brass  or  hard  rubber,  the  latter  being  neces- 
sary when  the  spark  method  is  used  in  combination  with  a  marker.  (See 
p.   117  below.) 

System  of  projection. 

Although  the  requirements  of  psychology  in  the  matter  of  projection 
are  in  some  respects  similar  to  those  of  other  sciences,  there  are  certain  im- 
portant peculiarities  that  must  be  borne  in  mind  in  providing  lanterns, 
screens,  etc.     For  single,  plain  slides,  the  equipment  may  be  the  usual  one 


New  apparatus  and  methods. 


8 


with  an  ordinary  lantern,  and  for  projection  of  apparatus  the  open-work 
lantern  may  be  used  as  in  physics.  Yet  these  methods  leave  untouched 
the  subjects  of  color  and  binocular  vision,  which  are  specifically  psycholo- 
gical and  which  require  lantern-work  when  presented  to  large  classes. 

In  the  following  account  I  shall  describe  the  system  which  I  have  de- 
veloped at  Yale. 

Triple  lantern. — The  projection  in  colors  requires  a  triple  lantern  of 
special  construction.  For  stereoscopic  projection  two  of  the  parts  and 
for  plain  projection  one  or  two  or  three  parts  are  used. 

The  triple  lantern  which  we  possess  is  shown  in  Figure  n.  It  is  ar- 
ranged for  lime-light,  as  the  color  work  cannot  be  done  with  electric  or 
acetylene  light.  The  three  jets  are  packed  closely  into  one  lantern-body. 
The  three  condensers  are  as  close  together  as  possible.  Three  lenses  ex- 
actly alike  are  mounted  on  the  front  board.     The  jets  have  all  adjust  - 
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ments  for  regulating  the  gas,  manipulating  the  lime,  etc.  Limes  turned 
in  the  lathe  are  used  in  order  not  to  disturb  the  focus  as  they  are  rotated 
in  the  lantern.     Regulators  are  placed  on  the  cylinders. 

To  mount  the  lantern  a  shelf  of  i*/>  inch  (4  centimeters)  pine  is  built 
out  from  the  wall  and  rigidly  supported ;  every  precaution  is  taken 
to  prevent  warping.  A  plate  of  thick  wood  or  of  iron  is  then  prepared 
just  large  enough  to  form  a  base  for  the  lantern.     The  lantern  is  screwed 
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to  this  plate.  The  proper  position  for  the  lantern  is  found  ;  the  plate  is 
made  perfectly  level  and  is  then  either  screwed  to  the  shelf  or  is  so 
marked  that  it  can  always  be  brought  readily  to  its  proper  position.  The 
screen  is  put  in  plate  and  the  three  lenses  are  brought  into  perfect 
registration. 

Apparatus  lantern. — A  regular  open  work  lantern  may  be  used,  but  I 
find  it  preferable  to  build  one  in  the  following  way.  A  pine  board  four 
feet  ( i  >4  meter)  long  and  nine  inches  (23  centimeters)  wide  serves  as 
the  base.  Across  it  at  about  one  foot  (30  centimeters)  from  the  end 
there  is  an  upright  board  one  foot  (30  centimeters)  high  supported  on  a 
narrow  base.  An  opening  is  made  toward  the  top  of  this  board  to  admit 
the  condenser  lens.  The  projecting  lens  is  held  by  another  upright  board 
supported  on  a  base  and  not  attached  to  the  horizontal  board.  The  light, 
which  may  be  one  of  the  jets  from  the  triple  lantern,  is  held  by  a  rod  on 
a  free  metal  base  which  is  placed  at  the  desired  point  behind  the  con- 
denser. One  of  the  condensers  of  the  triple  lantern  may  be  readily  re- 
moved and  used  in  this  lantern.  The  projecting  lens  may  be  a  very  simple 
one.  The  large  open  base  and  the  free  adjustment  of  all  the  parts  make 
the  arrangement  of  apparatus  very  easy. 

Screens. — Where  the  room  is  very  high,  it  is  desirable  to  have  the 
pictures  back  of  the  lecture  room  table.  In  this  case  only  one  screen 
would  be  needed  ;  a  silvered  screen  of  the  appropriate  size.  When  the 
room  is  not  so  high,  the  silvered  screen  is  placed  on  rollers  just  above 
the  front  edge  of  the  experiment  table  ;  for  projections  where  part  of  the 
apparatus  is  used  on  the  table  and  part  is  projected  by  the  lantern  an- 
other screen  is  used  back  of  the  table.  For  this  latter  screen  I  use  muslin 
sheeting  long  enough  to  reach  entirely  across  the  room.  It  is  supported 
by  rings  on  a  tightly  stretched  cord  and  is  readily  drawn  across  or  pulled 
back  by  other  cords.  The  use  of  so  wide  a  screen  enables  me  to  project 
two  views  simultaneously  side  by  side. 

The  silvered  screen  is  required  for  stereoscopic  work  by  polarized  light ; 
moreover,  it  is  far  more  brilliant  than  any  white  screen. 

Single  views. — For  single  views  two  of  the  lanterns  of  the  triplet  may 
be  used  for  dissolving.  A  lantern  view  is  more  effective  than  a  chart  for 
various  reasons  :  it  is  not  exposed  until  it  is  wanted  ;  it  is  brilliantly  lighted 
while  all  else  is  dark  ;  it  must  be  strictly  attended  to  because  it  will  speedily 
disappear.  Views  of  apparatus  should  also  be  used  wherever  possible. 
The  actual  piece  of  apparatus  is  so  small  that  the  details  are  invisible  to 
distant  students  ;  a  lantern  view  of  the  whole  or  of  some  essential  part 
greatly  aids  the  understanding.  I  also  find  that  even  the  most  striking  and 
brilliant  instruments  rarely  command  the  same  attention  as  a  lantern  view. 
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Apparatus  views. — For  apparatus  projection  several  methods  may  be 
followed.  Whenever  possible,  I  place  as  much  of  the  apparatus  as  I  can 
in  full  view  on  the  experiment  table  ;  the  registering  part  is  then  placed 
in  the  apparatus  lantern  and  projected  to  one  side  of  the  screen  behind 
the  table,  while  the  recording  point  is  prolonged  so  as  to  write  on  a  smoked 
glass  plate  in  one  part  of  the  triple  lantern  which  projects  the  record  be- 
side the  view  of  the  recording  apparatus.  When  this  cannot  be  done, 
one  or  two  lanterns  may  be  used  as  desired. 

Stereoscopic  views. — For  stereoscopic  projection  two  methods  may  be 
used. 

By  the  color  method  sheets  of  red  and  green  gelatine  (for  lime  light)  or 
glass  (for  electric  light)  are  placed  before  the  condensers  of  two  of  the 
lanterns.  Small  squares  of  red  and  green  glass  are  held  before  the  left 
and  right  eyes  respectively.  The  gelatines  and  the  glasses  require  care- 
ful selection.      An  ordinary  white  screen  may  be  used. 

With  the  other  method  two  polarizers  are  placed  in  front  of  two  of  the 
lanterns  with  the  axes  of  polarization  at  right  angles.1  The  stereoscopic 
view-slides  are  projected  simultaneously  to  the  same  place.  Each  student 
receives  an  eye-glass  consisting  of  two  analyzers  with  axes  of  polarization 
at  right  angles  to  each  other.  The  views  are  thus  received  by  the  eyes 
separately  and  the  result  is  an  object  apparently  in  full  solidity.  The 
whole  subject  of  binocular  vision  lends  itself  to  treatment  by  this  method. 
Series  of  stereoscopic  slides  have  been  specially  prepared  for  this  purpose. 

Color  views. — For  color  projection  three  colored  films,  red,  green,  and 
blue,  are  placed  in  the  triple  lantern.  I  have  devised  a  slide  which  shows 
on  the  screen  the  elementary  colors  singly  with  their  combinations  in 
pairs  and  in  triple.  Shades  are  shown  by  slowly  turning  the  light  down. 
The  various  hues  and  the  laws  of  combination  are  illustrated  by  varying 
the  intensities  of  the  jets.  The  properties  of  the  color  triangle  and  the 
color  pyramid  are  thus  illustrated.  When  the  laws  of  color  are  thor- 
oughly impressed  by  this  method,  slides  of  concrete  objects  are  used  for 
study.  Thus  a  group  of  flowers,  Figure  12,  affords  an  illustration  of  the 
automatic  solution  of  color  equations.  The  matter  is  quite  complex,  but 
a  few  illustrations  will  serve  to  show  how  I  approach  the  subject.  Every 
color  is  the  sum  of  three  elements,  or  i=x  -\- y  +  z.  Assume  for  these 
elements  the  three  colors  red,  green,  and  blue,  and  let  x  indicate  the 
number  of  units  of  red,  y  of  green,  and  z  of  blue.  For  white  we  have 
equal  parts  of  the  three  elements,  or  x=y=zz.  The  middle  stalk  of 
flowers  in  each  slide  allows  the  light  to  pass  fully  through  it,  as  can  be 

1  A  view  of  these  polarizers  adjusted  to  a  biunial  lantern  is  shown  in  Sckipture,  New 
Psychology,  Fi^.  113,  London,  1897. 
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seen  when  the  views  are  shown  singly.     When  all  three  are  projected  to- 
iler, it  will  receive  equal  illumination  from  each,  and  will  consequent^ 

be  white.     The  stalk  on  the  left  in  the  R  slide  allows  the  red  light  to 

pass,  but  keeps  it  entirely  back  on  the  G 
and  B  slides,  consequently  we  have  r  =  o 
and  ■:  =  o  and  i=.x;  that  is,  the  stalk  ap- 
pears red  in  the  final  picture.  In  this  man- 
ner the  greens,  blues,  yellows,  purples,  etc. , 
with  their  various  hues,  tints,  and  shades 
may  be  worked  out. 

"The  phenomena  of  color  blindness  can 
also  be  represented  with  the  tricolor  lantern. 
The  usual  theory  of  color  blindness,  accord 
ing  to  which  the  defect  arose  by  the  failure 
of  one  of  the  three  fundamental  colors,  can 
be  illustrated  by  covering  up  one  of  the 
lenses.  For  red  blindness  the  red  lens  is 
covered,  and  the  resulting  picture  appears 
in  combinations  of  green  and  blue  ;  for  green 
blindness  the  green  lens  is  covered  and  for 
the  hypothetical  blue  blindness  the  blue 
one  is  covered.  To  illustrate  the  newer 
theory,  the  blue  slide  is  left  unchanged,  but 
two  slides  are  made  for  red  and  two  for 
^reen.  For  the  dichromats  of  the  first  class 
— the  red-blue  persons — the  two  slides  taken 
through  the  red  ray  filter  are  placed  in  the 
red  and  green  lanterns.  Thus,  in  the  case 
of  the  gladiolus,  the  slide  J?  is  thrown  on 
the  screen  in  red  light  from  one  lantern,  and 
also  in  green  light  from  the  second  lantern, 
while  the  B  slide  is  thrown  in  blue  as  usual. 
Tin.'  G  slide  is  not  used.  The  result  is  a 
picture  in  combinations  of  yellow  and  blue, 
lor  the  other  dichromats — the  green-blue 
persons — the  G  slide  is  thrown- in  red  light, 
and  again  in  green  light,  while  the  blue  re- 
mains the  same.  The  R  slide  is  not  used. 
The  result  is  also  a  picture  in  combinations 
of  yellow  and  blue,  but  each  particular  com- 
bination differs  from  that  in  the  previous 
Fig.  12.  L , 


New  apparatus  and  methods.  87 

cases.     To  illustrate  monochromasy  one  lantern  alone  is  used,  the  color 
being  left  to  an  arbitrary  choice. ' ' 

The  method  also  furnishes  a  remarkable  analogy  to  the  decomposition 
of  the  colors  by  the  eye  into  three  fundamentals  and  their  mental  recom- 
position  into  sensations  of  color.  The  tricolor  views  are  taken  by  a 
camera  used  three  times  in  succession  with  a  differently  colored  screen 
each  time.  The  red  rays  impress  one  of  the  plates,  the  green  rays  the 
second  and  the  blue  rays  the  third.  The  three  negatives  differ  in  their 
shading.  Three  positives  are  made  which  differ  likewise,  as  in  Figure  1 2 . 
The  three  positives  produce  views  appropriately  shaded  when  projected 
on  the  screen  by  the  colored  lights.  The  result  is  a  recomposition  in 
natural  colors.  The  approximation  to  the  original  colors  is  close  if  the 
slides  are  properly  made  and  manipulated. 

Slide  making. 

The  constant  use  of  lantern  views  for  instruction  renders  it  necessary 
to  provide  an  equipment  for  the  making  of  slides  at  a  minimum  expense 
of  time.  The  system  which  I  shall  describe  was  developed  expressly  for 
the  rapid  production  of  slides  for  class-room  work  and  of  photographs  for 
illustrating  books. 

The  photographic  section  of  the  Yale  laboratory  is  located  directly 
under  the  roof  and  receives  light  from  a  skylight.  For  work  at  night  the 
objects  to  be  photographed  may  be  illuminated  by  burning  pieces  of 
magnesium  tape.  This  luminant  is  used  instead  of  electric  light  or  lime 
light,  because  the  number  of  photographs  taken  at  night  has  been  too 
small  to  render  a  regular  installation  profitable. 

For  photographing  apparatus  a  table  on  rollers  is  provided.  White, 
gray  and  black  backgrounds  and  table  covers  are  provided  to  fit  on  the 
top  of  the  table.  A  cover  is  placed  on  the  table,  backgrounds  and  side- 
pieces  are '  arranged  and  the  apparatus  is  placed  in  the  compartment  thus 
formed.  The  table  is  then  moved  until  the  appropriate  lighting  is  ob- 
tained. The  choice  of  white,  gray  or  black  for  the  walls  of  the  com- 
partment is  not  always  an  easy  matter  unless  one  has  had  considerable 
experience  with  the  reflecting  qualities  of  the  metals  ;  white  is,  however, 
generally  used.  The  strong  reflections  on  polished  metal  produce  sharp 
streaks  of  black  and  white.  I  find  it  generally  preferable  to  photograph 
nickeled  or  burnished  pieces  after  they  have  been  in  use  and  have  slightly 
lost  their  polish. 

For  reproducing  drawings,  photographs  and  pictures  in  books  the 
camera  is  mounted  on  a  heavy  block  moving  on  rails  ;  it  may  be  raised, 
tipped  side  wise  or  rotated  at  will.     Loose  pictures  are  tacked  to  a  board 
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at  the  end  o\  the  rails ;  book>  are  placed  on  blocks  and  held  open  against 
the  board  by  a  rubber  band.     The  adjustment  of  "the   camera  can   be' 
rapidly  performed. 

When  the  blocks  used  to  illustrate  books  are  at  hand,  slides  can  be 
printed  directly  from  them.1  It  is  best  to  have  the  work  done  by  the 
glass-printer  in  a  clock  factory.  The  metal  portion  of  the  cut  is  mounted 
on  a  board  of  a  thickness  suited  to  the  particular  frame  used  in  the  print- 
ing. It  is  inked  with  a  fine  ink  (e.  g. ,  a  $2  cut  or  extra  job  ink),  tem- 
pered to  the  proper  consistency  with  Calcutta  boiled  oil  and  Japan  drier. 
The  precise  degree  of  temper  depends  on  temperature,  humidity,  and 
other  conditions.  The  inking  is  done  by  a  simple  hand  roller  of  the 
kind  used  in  ordinary  printing.  The  block  lies  face  upward  on  the  table 
and  the  piece  of  plain  glass  is  placed  at  the  appropriate  distance  on  a 
level  with  it.  A  composition  roller  of  glue  and  molasses,  made  a  trifle 
harder  than  the  regular  printer's  roller,  is  then  run  forward  on  two  guides. 
As  it  passes  over  the  block  it  takes  the  impression.  On  reaching  the 
glass,  after  one  complete  revolution,  it  transfers  the  ink  impression  di- 
rectlv  to  it.  I  do  not  think  it  possible  to  run  this  roller  evenly  enough 
without  the  guides ;  at  any  rate,  it  would  not  pay  to  waste  time  in  try- 
ing it. 

The  result  is  a  print  on  the  glass  just  as  if  on  paper.  Curiously  enough, 
the  prints  on  the  glass  are  superior  to  those  on  paper  from  the  same  block. 
The  positives  are  then  finished  up  as  lantern  slides  in  the  usual  way. 

1  ><  RlPTURE,  A  new  method  of  making  lantern  slides,  Scientific  American,  1895 
I. Will   123. 


ELEMENTARY     COURSE    IN    PSYCHOLOGICAL     MEASURE- 
MENTS. 

BY 

E.   W.   Scripture. 

Owing  to  the  newness  of  experimental  psychology  its  methods  of  in- 
struction are  still  matters  which  must  be  determined  by  trial.  Sanford  1 
has  developed  a  course  of  simple  laboratory  experiments,  but  otherwise 
the  problems  of  systematized  laboratory  instruction  remain  unsolved.  A 
very  important  problem  is  that  of  systematic  courses  in  psychological 
measurements.  Among  such  courses  there  must  be  an  elementary  one. 
As  the  results  of  my  experience  of  five  years  in  trying  to  develop  such 
a  course  may  be  of  use,  I  will  illustrate  the  methods  employed  by  de- 
scribing some  of  the  exercises. 

The  aim  of  this  elementary  course  is  similar  to  that  of  the  elementary 
courses  in  chemistry  and  physics,  namely  :  education  and  instruction  of 
the  general  student.  It  is  intended  to  be  part  of  the  regular  college  edu- 
cation; among  elective  courses  it  is  specially  chosen  by  students  intend- 
ing to  study  medicine  or  to  teach.  It  is  a  noteworthy  fact,  however, 
that  the  subject  matter  attracts  students  who  take  no  other  laboratory 
courses  of  any  kind. 

The  student  makes  his  own  text-book  with  the  aid  of:  i.  sets  of  mimeo- 
graphed instructions  which  are  given  out  at  each  exercise  ;  2.  illustra- 
tions in  the  form  of  prints  from  blocks,  blue-prints,  tracings,  etc.;  3. 
references  for  applications  and  further  reading  to  some  psychological  work. 
The  following  are  copies  of  some  of  these  mimeograph-sheets  with  ex- 
planatory remarks.  The  "Preliminary  notes"  are  given  out  with  the 
first  exercise.  The  first  few  exercises  are  of  moderate  difficulty,  but  they 
occupy  the  inexperienced  student  for  about  two  hours  each.  The  later 
exercises  are  adapted  to  the  increased  skill  of  the  student.  Since  the  ap- 
plications and  the  bearings  of  the  exercises  can  be  made  evident  only  in 
a  general  course  on  experimental  psychology,  the  laboratory  course  is 
taken  only  in  connection  with  the  lecture  course.  Some  idea  of  the 
verbal  instruction  that  is  given  to  the  pupils  and  of  what  they  hear  and 
see  in  the  lecture  course  can  be  obtained  by  referring  to  my  New  Psy- 
chology by  means  of  the  topics  in  the  index. 

The  following  exercises  are  selections  from  a  set  of  thirty  now  in  use. 

1  Sanford,  Laboratory  Course  in  Experimental  Psychology,  Boston,  1895. 
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Preliminary    notes. 

./.  Objects  of  the  course. — Practical  training  in  (i)  observation,  (2) 
manipulation,  (3)  ((imputation,  (4)  deduction,  (5)  criticism.  Ele- 
mentary acquaintance  with  (a)  methods  of  experimentation,  (/>)  methods 
of  measurement,  construction  and  use  of  apparatus,    (//)   special 

psychological  methods.  Thorough  appreciation  of  the  three  fundamental 
properties  of  scientific  work:   (1)  accuracy,  (2)  brevity,  (3)  neatness. 

/>'.  Arrangement  of  the  class. — The  class  is  divided  into  groups  of  two 
persons  each.  Any  student  who  wishes  to  do  so  may  select  the  other 
member  of  his  own  group.  One  group  begins  with  Ex.  I.;  another 
with  Ex.  II.,  etc.  At  the  next  exercise  the  group  that  has  had  Ex.  I. 
takes  Ex.  II.;  the  one  that  has  had  Ex.  II.  takes  Ex.  III.:  etc.  At  each 
succeeding  exercise  a  group  takes  the  exercise  that  follows  in  numerical 
order. 

C.  Instructions  to  the  student. — Look  at  the  index  on  the  bulletin 
board  ;  opposite  the  number  of  the  exercise  for  the  day  you  will  find  the 
number  of  the  room  in  which  it  has  been  set  up.  On  the  table  bearing 
the  number  ot  your  exercise  you  will  find  two  sets  of  printed  instruc- 
tions, one  for  each  person.  Compare  your  set  with  another  set  marked  in 
red  "Corrected  Copy,"  and  make  any  changes  that  have  been  indi- 
cated in  red  ink.  You  will  also  find  all  the  apparatus  of  the  exercise 
called  for  under  "  Needed."  It  is  set  up  ready  for  use.  Begin  by  read- 
ing the  first  paragraph  of  the  instructions  and  applying  it  to  the  appa- 
ratus.     Take  the  following  paragraphs  singly. 

After  carefully  studying  the  apparatus  and  its  connections  take  it  down 
and  set  it  up  again.  In  performing  the  experiments  one  person  serves  as 
experimenter,  the  other  as  subject.  The  places  are  then  exchanged  and 
the  experiments  are  repeated.  The  subject  is  to  know  nothing  about  the 
results  obtained  on  himself.  The  record  must  be  made  on  the  printed 
blanks.1  When  finished,  these  records  are  to  be  handed  to  the  instructor. 
They  will  be  marked,  the  mark  being  given  to  the  experimenter  (who 
has  prepared  the  record). 

The  fundamental  requirements  for  the  records  are  accuracy  and  neat- 
ness. See  that  you  understand  all  the  "Points  to  be  noted."  If  not, 
consult  the  instructor.  Also  see  that  you  can  answer  the  "  Questions."' 
It  is  intended  in  many  cases  that  you  shall  get  the  answers  directly  from 
the  instructor.  The  student  will  be  held  responsible  on  all  these  points. 
At  the  end  of  the  exercise  place  all  apparatus  in  the  condition  in  which 
it  was  found.  Do  not  leave  until  the  instructor  has  inspected  and  ap- 
proved your  work.      When  the  whole  class  has  finished  an  exercise,  the 

1  A  specimen  blank  will  be  sent  to  any  one  who  will  ask  for  it. 
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final  results  for  each  student  will  be  placed  in  a  table  and  a  copy  of  the 
table  will  be  handed  to  the  student,  together  with  his  record.  This 
"  summary ' '  and  the  original  records  are  to  be  kept  by  the  student.  The 
examination  at  the  end  of  the  term  will  include  some  practical  work. 

General  instructions  for  computation. 
If  the  method  of  measuring  is  sufficiently  fine,  the  results  in  a  set  of 
measurements  will  differ  from  each  other.  The  average  of  these  is  the 
most  probable  value  of  the  quantity.  Let  the  results  of  a  set  of  n  meas- 
urements on  the  same  quantity  under  constant  conditions  be  mv  m,, 
.  .  .  ,  mn.     The  average  is 

a  =  »h  +  m2+  ...  +  w, 

It  is  desirable  to  have  some  expression  of  the  uncertainty  of  the  result 
a,  and  this  is  given  by  the  "probable  error."  The  probable  error  is 
that  error  which  is  as  likely  as  not  to  be  exceeded,  or,  if  r  be  the  prob- 
able error  of  a,  it  is  just  as  likely  that  the  true  value  of  the  quantity  lies 
between  a  —  r  and  a  -f-  r  as  that  it  lies  outside  those  limits.  Thus,  if 
the  average  be  written  a  ±  r  the  probable  error  /-  furnishes  an  index  of 
the  uncertainty  of  a  ;  the  smaller  the  value  of  r,  the  greater  is  the  pre- 
cision of  the  average  a.  In  works  on  the  theory  of  errors  it  is  shown 
that  the  probable  error  r  is  given  by  the  expression 


=  °-6745>|- 


+  K  +  ■  •  •  +  v. 


n{n  —  1) 

in  which  vv  v.v  ■  ■  •  ,  vn  are  the  residuals  found  by  subtracting  the  indi- 
vidual measures  from  the  average,  thus  z\  =  a  —  mv  v2  =  a  —  w2,  .  .  .  , 
v  =  a  —  ///  . 

n  a 

As  an  example  let  there  be  ten  measurements  made  with  equal  pre- 
cision upon  a  single  quantity  giving  the  results  ml=  10,  m2  =  14,  etc. 
The  computation  is  as  follows  : 
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Here  the  average  is  11.2  and  its  probable  error  is  0.6;  that  is,  it  is  as 
likely  that  the  true  value  lies  between  10.6  and  11.8  as  that  it  is  less  than 
10.6  or  greater  than  n. 8.  It'  the  observations  had  been  such  as  to  have 
given  <;  =  n.2±  0.9  the  average  11.  2  would  be  much  less  precise  than 
in  the  above  case.' 
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Exercise  I. — Threshold  of  touch. 

I  Needed  :  touch-weights,  cross-section  paper,  flexible  ruler.) 
Apparatus. 
The   set   of  touch-weights  consists  of  small  cork  discs  weighing   from 
2mg  upward  ;   they  are  attached  by  fine  threads  to  small  handles.2     The 
weights  are  marked  on  the  handles. 

Experiments. 

The  subject,  with  eyes  closed,  places  his  left  hand,  palm  upward,  on 
his  knee.  He  is  to  tell  when  he  feels  himself  touched.  The  experi- 
menter gives  the  warning  "  Ready  "  and,  about  2  to  5  sec.  later,  lowers 
the  lightest  disc  gently  till  it  touches  a  certain  spot  on  the  skin,  e.  g., 


'I  am  under  great  obligation  to  Professor  Mansfield  Merriman  (author  of  "A  Text- 
book on  the  Method  of  Least  Squares"  ),  of  Lehigh  University,  for  assistance  in  present- 
ing the  methods  of  computation. 

2  See  Fig.   57  of  SCRIPTl  RE,  Thinking.   Feeling,  Doing. 
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the  tip  of  the  index  finger  ;  the  disc  is  allowed  to  rest  on  the  skin  for 
about  is.  The  experiment  is  then  repeated  with  the  next  heavier  disc, 
and  then  with  the  other  discs  in  succession.  A  check  is  made  in  the  ap- 
propriate column  of  the  record  blank  for  each  disc  as  it  is  felt.  The 
whole  experiment  is  repeated  10  times. 

After  the  whole  set  of  experiments  has  been  made  the  number  of  the 
first  disc  felt  in  each  experiment  is  recorded  in  the  column  headed  mv 
and  the  number  of  the  disc  beyond  which  all  were  felt  in  the  column 
headed  m„.  The  average  is  calculated  for  each  set.  The  former  of  the 
two  averages  may  be  called  the  lower  threshold,  the  other  the  upper  one. 


Specimen 

record. 

Title    of 

investigation,     Threshold 

of 

. 

\.ppai 

•atus, 

Touch-weights. 

touch. 

Date, 

October 

5,  1896. 

Experimenter 

,  T.  C. 

McGraw. 

Unit  of  measurement,  mi 

ligram. 

Experimentec 

on,  W 

K.  Chish 

jlm. 

Weight 

2 

4.      6      8 

10 

12 

14 

16 

18 

20 

22     24 

26 

28 

30 

Exper.  No. 

I 

+ 

+ 

+ 

+ 

1 
"T 

+ 

+     + 

+ 

+ 

+ 

a 

2 

+ 

+ 

+ 

+ 

+     + 

+ 

+ 

+ 

t 

+ 

+ 

+ 

+     + 

+ 

+ 

+ 

i 

4 

•      + 

■f- 

+ 

+ 

+ 

+     + 

+ 

+ 

+ 

■ 

5 

+ 

+ 

+ 

+ 

+     + 

+ 

J- 

1 

+ 

t 

6 

+    4- 

+ 

+ 

+ 

+ 

+ 

+ 

+     + 

+ 

+ 

+ 

6 

7 

+ 

+ 

+ 

+ 

•      + 

_1_ 

+ 

+ 

( 

8 

+ 

+ 

+ 

+ 

+ 

+     + 

+ 

+ 

+ 

i 

9 

+ 

+ 

+ 

+ 

+ 

+     + 

4- 

1 

+ 

+ 

t  t              a 

10 

+ 

+ 

+ 

+ 

+     + 

+ 

+ 

+ 

Times  felt 

O         C 

)     1     2 

4 

6 

8 

9 

9 

9 

9      10 

10 

IO 

IO 

>»\ 

7'l 

V 

m2 

7'j 

r. 

2 

IO 

1.2 

1.44 

10 

5-0 

25- 

OO 

14 

2.8 

7.84 

14 

1.0 

I. 

16 

4.8 

23.04 

16 

1.0 

I. 

8 

3-2 

10.24 

18 

3-o 

9- 

14 

2.8 

7.84 

14 

1.0 

1. 

6 

5-2 

27.04 

6 

9.0 

81. 

12 

0.8 

0.64 

24 

9.0 

81. 

IO 

1.2 

1.44 

14 

1.0 

1. 

12 

O.S 

0.64 

12 

30 

9- 

IO 

1.2 

1.44 

22 

7.0 

49. 

II. 2 

9)81^60 

10)9.07 

0.91 

15.0 

9) 

IC 

252. 

»)28. 

DO 
OO 

2. 

80 

^0.91  = 

=  0.95 

1/2.80=1.67 

% 

X°-95 

=  0.63 

HXi 

.67  =  I. II 

ai 

=  11. 2 

±0.6 

a 

2  — 

15. o±  I.I 
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Fig.   13 


There  is  evidently  a  relation  between  the  weight  of  the  disc  and  the 
number  of  times  it  is  felt.  Let  the  number  of  times  be  expressed  as  a 
fraction,  e.  g.,  a  percentage,  of  the  total  number  of  experiments,  and 
suppose  the  number  of  experiments  to  have  been  very  large  with  the  same 
results.  Let  this  fraction,  or  percentage,  be  expressed  in  the  form  of  a 
curve,  where  x  denotes  the  weight  of  the  disc  and  y  denotes  the  relative 
frequency  with  which  it  was  felt.  The  curve  will  be  one  of  the  forms 
shown  in  the  accompanying  figure.  For  an  extremely  sensitive  person 
the  curve  will  be  very  steep,  like  that  to  the  left ;  for  persons  of  less 
sensitiveness  it  will  be  flatter. 

The  experimenter  is  to  plot  the  curve  for  his  own  record.  The  plot- 
ting is  done  on  cross-section  paper  ;  this  is  paper  ruled  with  horizontal  and 
vertical  parallel  lines.  On  one  of  the  horizontal  lines  lay  off  the  scale  of 
weights  2,  4,  etc.,  with  any  convenient  distance  as  the  unit.  On  one  of 
the  vertical  lino  lay  off  a  scale  of  percentages  with  any  convenient  dis- 
tance as  the  unit.  For  each  weight  count  upward  above  its  place 
on  the  horizontal  axis  a  number  of  spaces  corresponding  to  its  per- 
centage;  the  ruling  of  the  paper  into  spaces  in  groups  of  5  and  10 
make  it  possible  to  do  this  rapidly.  Connect  each  dot  to  the  fol- 
lowing one  by  a  straight  line.  The  fluctuations  of  this  line  are 
due  to  irregularities  in  the  experimenting  and  to  the  smallness  of 
the  number  of  experiments.  The  true  relation  of  percentage  to  weight . 
will  be  more  closely  indicated  by  a  smooth  line,  which  can  either 
be  drawn    by  the  free  hand   or    by  adjusting    a    flexible  ruler  so  as  to 
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pass  smoothly  among  the  dots.  Owing  to  the  fact  that  the  number  of 
experiments  was  only  10  instead  of  an  infinite  number,  the  actual  curve 
will  differ  from  the  theoretical  one  ;  with  100  or  1000  experiments  it 
would  approach  the  theoretical  one  more  closely. 

To  compare  the  degrees  of  sensitiveness  of  different  persons,  two 
quantities  can  be  used  :  either  the  disc  that  corresponds  to  a  certain  per- 
<  entage,  say  75%,  or  the  percentage  for  a  certain  disc.  To  use  either 
effectively  a  large  number  of  experiments  would  be  required  ;  the  calcu- 
lation of  the  average  of  the  two  thresholds  as  found  above  gives  a  suffi- 
ciently accurate  figure.  It  is  evident  that  the  higher  the  threshold  the  lower 
the  sensitiveness  ;  in  fact,  probably  the  only  proper  definition  of  "sensi- 
tiveness "  is  "the  reciprocal  of  the  threshold."  "Reciprocal"  of  a 
quantity  means  1  divided  by  that  quantity.  Thus,  if  two  persons  have 
thresholds  of  a'  and  a"  respectively,  their  degrees  of  sensitiveness  will  be 
1  fa'  and  \ja" . 

Points  to  be  noted. 

1.   Note  that  the  uncertainty  of  the  threshold  is  indicated  by  the  size 

of  the  probable  error.      2.   In  the  curves  given  in  the  figure,  y  is  said  to 

be  a  function  of  x.     This  is  expressed  by  jp  =_/"(.*:).     The  particular 

curves  assumed  in  the  figure  are  taken  from  the  science  of  probabilities. 

Questions. 
1.   How  would  you  define  "  threshold  "  so  as  to  fit  all  kinds  of  sensa- 
tions?    2.   What  are  presumably  some  of  the  mental  conditions  of  the 
subject  that  contribute  to  his  probable  error  ? 

Exercise  II. — Skin  space. 

(Needed:  two  aesthesiometers,  millimeter  scale. ) 
Apparatus. 
In  its  simplest  form  the  aesthesiometer  is  a  pair  of  dividers  with  blunt 
points.     The  points  are  made  of  hard  rubber,  in  order  to  eliminate  sen- 
sations of  temperature. 

Experiments. 
A.  Open  the  aesthesiometer  several  centimeters.  Touch  the  two  points 
simultaneously  to  the  cheek  in  a  vertical  direction  ;  they  will  be  felt  as 
two.  Repeat  the  experiment,  reducing  the  distance  between  the  points 
each  time.  To  maintain  the  unprejudiced  condition  of  the  subject,  in- 
sert occasional  experiments  with  only  one  point  touched  to  the  skin.  The 
subject  is  to  state  each  time  whether  he  feels  one  point  or  two.      Con- 
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tinue  the  experiments  till  a  mistake  is  made  in  feeling  two  points  as  one. 
Now  apply  the  sesthesiometer  to  the  scale  and  record  the  distance  be 
tween  the  points.     Repeat  the  measurement  ten  times.     Find  the  average 
and  average  variation. 

B.  Repeat  the  experiments  of  A  on  the  back  of  the  neck  in  a  vertical 
direction. 

C.  Adjust  one  sesthesiometer  to  30"""  as  a  standard.  Apply  it  for  a 
moment  to  the  cheek  of  the  subject.  Adjust  the  other  rcsthesiometer  to 
an  arbitrary  distance.  Apply  it  likewise  to  the  cheek.  The  subject  is 
to  say  whether  the  second  distance  was  greater  or  less  than  double  the 
tirst.  According  to  the  answer  adjust  the  second  aesthesiometer  differ- 
ently and  repeat  the  experiment.  Proceed  as  in  A,  the  first  aesthesiom- 
eter  being  kept  at  the  constant  distance  of  30"""  and  the  second  being 
gradually  (hanged  till  a  judgment  of  "equal  to  double  the  first"  is  ob- 
tained,   'lake  ten  records. 


Specimen  record. 

A 

B 

C 

Ill 

V* 

m 

V 

iA 

in 

V 

V2 

23 

0.8 

O.64 

31 

4-3 

18.49 

4i 

2.6 

6.76 

21 

2.8 

7.84 

32 

1     *> 

10.89 

39 

4.6 

21.16 

25 

1.2 

I.44 

30 

5-3 

28.09 

40 

3-6 

12.96 

23 

0.8 

O.64 

40 

4-7 

22.09 

45 

2.4 

5-76 

26 

2.2 

4.84 

45 

9-7 

94.09 

48 

4-4 

19.36 

21 

2.8 

7.84 

38 

2-7 

7.29 

45 

1-4 

1.96 

27 

3-2 

IO.24 

31 

4-3 

18.49 

40 

3-6 

12.96 

26 

2.2 

4.84 

31 

4-3 

18.49 

49 

5-4 

29.16 

23 

0.8 

O.64 

41 

5-7 

32-49 

5i 

7-4 

54-76 

23 

0.8 

O.64 

34 

1-3 

1.69 

38 

5-6 

3I-46 

23-8 

9)39- 6° 

10)4.40 

35-3 

9)252.10 
10)28.01 

43-6 

1 

3)196.20 
10)21.80 

0.44 

2.80 

2.18 

Vo. 

44  =  0.66 

1/2 

.80  =  1 

.67 

|/2 

.18  = 

=  1.48 

%x 

0.66  = 

=  0.44 

%y 

16.73  = 

1. 11 

%x 

1.48 

=  0.99 

a  = 

23.8  ±0.4 

a  = 

35-3  + 

I.i 

a  = 

43-° 

±  I.O 

Points  to  be  ante  J. 

1 .  Note  that  the  results  depend  somewhat  on  the  skillfulness  of  the  ex- 
perimenter. 2.  Note  that  psychologically  double  does  not  necessarily 
correspond  to  absolutely  double. 

Questions. 

1.  What  improvements  would  you  suggest  in  the  apparatus  and  the 
method  of  experimenting?  2.  How  would  you  express  the  relation  be- 
tween space  on  the  cheek  and  space  on  the  neck  in  your  experiments? 
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Exercise  III. — Arm-space. 
( Needed  :  arm-space  board,  cross-section  paper. ) 
Apparatus. 
In  the  arm-space  board l  a  wooden  scale  carries  along  its  upper  edge  a 
small  glass  rod.     At  the  zero  point  in  the  middle  there  is  a  fixed  metal 
plate.     On  each  side  there  is  a  movable  slide  carrying  an  adjustable 
pointer.     Before  the  experiments  the  pointers  are  pushed  forward  as  far 
as  possible. 

Experiments. 

A.  The  apparatus  is  placed  on  a  table  with  the  scale  away  from  the 
subject.  The  subject,  seated  with  eyes  closed  or  covered,  places  his 
forefingers  against  the  zero-plate,  one  on  each  side. 

B.  The  experimenter  moves  up  the  two  slides  to  the  fingers  till  they 
press  gently.  The  pointers  strike  the  zero-plate  and  are  pushed  back 
automatically.  This  eliminates  the  errors  due  to  the  width  of  the  finger, 
as  all  readings  are  to  be  taken  from  the  end  of  the  pointer. 

C.  The  subject  places  himself  directly  in  front  of  the  zero-mark  and 
closes  his  eyes.  The  experimenter  places  the  left-hand  (referring  to  the 
subject)  slide  at  a  certain  distance  dy  The  right-hand  slide  is  moved 
out  of  the  way.  The  subject  moves  his  left  fore-finger  evenly  outward  till 
it  strikes  the  slide,  and  then  returns  it  to  zero.  The  experimenter  quietly 
moves  the  slide  out  of  the  way,  and  the  subject  then  moves  his  finger 
again  till  it  seems  to  be  in  the  same  place  as  before.  The  experimenter 
now  moves  the  slide  up  till  it  touches  the  finger  and  reads  the  record  at  the 
end  of  the  pointer.  The  tenths  of  a  centimeter  are  estimated  by  the  eye. 
The  result  in  millimeters  is  placed  in  the  column  ml  of  the  record  blank. 

Some  other  distance  a7.,  is  now  chosen  and  the  experiment  is  repeated, 
giving  a  result  mr  Likewise  d3,  dA  and  d5  are  used.  The  five  distances 
are  chosen  as  follows:  100,  200,  300,  400,  500  millimeters.  The  ex- 
periments are  performed  in  this  order :  from  d1  to  d.a,  from  db  to  dv 
from  d^  to  dv  from  d^  to  d..  Eight  complete  sets  are  made,  giving 
eight  records  for  each  distance.  Find  the  averages  and  probable  errors. 
Denote  the  averages  by  av  a2,  .  .  .  ,  ah.  The  difference  between 
the  given  distance  and  the  average  result  for  that  distance  is  the 
constant  error  of  the  estimate.  There  are  thus  five  constant  errors, 
cx  =  0,  —  dv  c2  =  a2  —  d.,,  .  .  .  ,  c5  =  a.  —  d5.  The  constant  error 
expresses  the  average  inaccuracy  in  reproducing  the  given  distance.  The 
probable  error  expresses  the  irregularity.  Both  these  quantities  depend 
on  the  values  of  d. 

1  New  Psychology,  Fig.  44. 
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V\c.     14. 

To  make  plain  the  laws  of  dependence,  the  results  are  to  be  expressed 
in  two  curves  v  =/(.v)  and  Y=  F  (x)  where  x=dv  d2,  .  .  .  ,  ds  and 
y  and  )*  are  the  constant  errors  and  the  probable  errors.  To  draw 
these  curves  a  certain  distance  is  selected  on  the  cross-section  paper  to 
represent  dv  and  the  points  dv  dv  .  .  .  ,  d5  are  laid  off  on  the  hori- 
zontal axis.  Any  convenient  distance  is  chosen  for  j  =  1  and  the  ordi- 
nates  for  r,,  r.„  .  .  .  are  erected.  On  joining  the  tops  of  these  ordi nates 
by  a  line  the  curve  of  results  is  indicated.     The  relation  of  Yv   Y2,  .  .  .  , 

Y.  to  d,,  dQ,  .  .  .  ,  d.  is  indicated  in  a  similar  manner. 
5         p     2'  '    0 


Specimen  record. ' 


dx=  100 


I05 
Il6 
I IO 
107 
108 

"5 
114 
112 


79.21 
26.01 

0.81 
15.21 

8.41 
16.81 

9.61 

1. 21 


d.t  =  200 
m% 
193 
197 
189 
201 
195 
195 
196 
197 


-.■  2 
'  -j 

6.25 

2.25 
42.25 
30.25 
0.25 
0.25 
0.25 
2.25 


4  =  300 


'":■. 
267 

281 

297 

285 
280 
269 

305 
298 


*•' 


334-89 

18.49 

136.89 

0.09 

28.09 

265.69 

388.09 

161.29 


355 
381 
399 
398 
37i 
393 
408 

35° 


/,  =  400 

„  2 

1  i 

723.61 
0.81 
292.41 
259.21 
118.81 
123.21 
681.21 
1017.61 


J.=  500 


454 
494 
473 
5o5 
487 
500 

507 
495 


7/2 

o 

1253.16 

21.  l6 
268.96 

243- 36 

5-76 

112.36 

309.76 

3I-36 


8)887  :    157  2S 

110.98)22.47 

2.S7 


iji564  7)84.008)2282  7)1333-528)3055  7)3216.88  8)3915  7)2245-88 
195.5  8)12.00    285.3   8)190.39     3810 
1.50  23.79 


8)459-55    489.4    8)320.84 
57.44  40.11 


1  The  student  need  not  record  the  residuals  v  but  should  at  once  write  the  squares  v2. 
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1/2.81  =  1.68 

1/1.50 

=  1 

.22 

^23-79  =  4-88 

%X  1-68=  1. 12 

MXi 

.22  : 

=  0 

81 

%X  4-88  =  3.25 

ax  =  110.9=^  I.i 

a2=l 

95-5 

±  c 

».8 

"3  =  285-3±3-3 

<"!=+  IO.9 

'2  =  - 

-4-5 

f3  =  — 14.7 

rx  =  I .  I 

r2  =  0 
7-58 

8 

;'u  =  3-3 

l757-44  = 

^40.11  =  6.33 

%X7-58  = 

=  5o5 

MX  6. 33  =  4-  22 

"4 -=381-9 

=  5-i 

<75=  489.4  ±4.2 

<-,  =  — 18. 

1 

r5  =  —  10.6 

>\=  5-i 

r5  =  4.  2 

r=/(V) 

r=F(d) 

For  </=  100,               c  =  -f 

11 

For  </=  IOO,                r  =  I.I 

</=200,                <r  =  — 

7 

d=20o,             r=o.8 

</=3<x>,               <r  =  — 

15 

«/=300,             >'  =  3-3 

f/=4.oo,              c  =  — 

18 

</=400,               r=5.I 

^=500,              <r  =  — 

11 

,/=500,                  ;-  =  4.2 

Points  to  be  noted. 

1.   The  method  of  getting  tenths  by  the  eye  is  in  this  case  convenient 
and  accurate.      2.   Automatic  elimination  of  a  constant   error  (width   of 
the  finger)  from  the  readings.      3.   Equalizing  the  influences  of  fatigue, 
practice    and    other  progressive    errors  by  changing    systematically    the 
order  of  the  experiments. 

Questions. 

1.  If  the  probable  errors  were  directly  proportional  to  the  values  of 
(I,  what  form  would  the  curve  take?  2.  What  would  a  recorded  constant 
error  or  a  probable  error  of  o  mean  ? 


Exercise  IV. — Memory. 

(  Needed  :  tsvo  sets  of  geometric  figures,  two  bands  of  syllables,  two  bands  of  colors, 
revolving  cylinder,  screen  and  metronome.  ) 

Apparatus. 

The  metronome  is  a  convenient  pendulum  arrangement  for  marking 
off  intervals  of  time  when  great  accuracy  is  not  required.  The  clock- 
work is  wound  by  the  screw  at  the  side  ;  the  cover  is  removed  from  the 
front ;  the  pendulum  is  released  and  the  weight  is  set  at  sixty.  When 
started,  the  metronome  will  mark  off  seconds. 

The  two  cards  for  the  experiments  with  figures  are  in  separate  envelopes, 
one  for  each  subject.  The  experimenter  takes  the  envelope  containing 
the  card  which  he  is  to  use  on  the  other  person  as  subject.  The  subject 
must  not  see  beforehand  the  card  that  is  to  be  used  on  him. 
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The  revolving  cylinder  is  moved  by  clockwork,  which  is  kept  wound 
by  the  appropriate  key.  It  is  started  by  releasing  the  brake.  It  revolves 
once  in  10  seconds.' 

(  hie  band  of  syllables  and  one  band  of  colors  will  be  found  in  each 
envelope  with  the  card  mentioned  above. 

\  screen  is  placed  before  the  cylinder  so  that  only  one  syllable  or  color 
is  seen  at  a  time. 

Experiments. 

A.  A  pad  of  blank  paper  is  placed  before  the  subject.  The  experi- 
menter holds  the  card  with  figures  and  at  a  beat  of  the  metronome  he 
shows  it  to  the  subject,  counting  o,  i,  .  .  .  ,  10  and  turning  down  the 
card  at  10.  The  subject  immediately  tries  to  reproduce  on  the  blank 
paper  all  the  figures  he  saw.  The  paper  is  numbered  and  handed  to 
the  experimenter.  The  card  is  again  shown  for  10  seconds  and  the  sub- 
ject again  tries  to  reproduce  the  figures.  This  is  repeated  until  all  are 
reproduced  correctly,  unless  success  is  not  reached  before  the  15th  trial, 
at  which  point  fatigue  generally  begins.  A  record  is  made  of  how  many 
were  reproduced  correctly  in  shape  and  arrangement  on  each  trial. 

./>'.  The  band  of  syllables  is  slipped  on  the  cylinder.  When  it  is  set 
going  it  exposes  one  syllable  per  second  through  the  screen.  During  the 
first  revolution  the  subject  calls  off  each  syllable  as  he  sees  it ;  thereafter 
he  tries  to  call  off  each  syllable  just  before  it  appears,  correcting  himself  if 
wrong.  The  experimenter  notes  the  number  of  revolutions  performed 
by  the  drum.  This  is  continued  until  all  are  called  off  directly  or  until 
the  20th  revolution.      The  number  of  revolutions  is  recorded. 

C.  The  band  of  syllables  is  replaced  by  the  band  of  colors  and  the 
experiment  is  repeated.  The  subject  notes  and  recalls  the  colors  as  much 
as  possible  by  visual  memory  and  does  not  attempt  to  name  them. 

Points  to  be  noted. 

1.  Difficulty  of  remembering  without  making  external  associations. 
2.   The  prominence  of  motor  and  auditory  elements  in  B  and  C. 

Questions. 

1.  What  would  be  some  of  the  problems  of  memory  that  might  be  an- 
swered by  the  experiments  with  syllables?  2.  What  sources  of  inac- 
curacy do  you  notice  in  the  methods  of  experimenting? 


1  In  case  the  kymograph  is  used,  it  is  properly  adjusted  by  the  instructor  beforehand. 
The  study  of  the  kymograph,  which  is  too  difficult  for  the  student  at  this  point,  is  brought 
forward  in  Exercise  VIII. 
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Exercise  V. — Illusion  of  length. 

(Needed:  illusion  board,  millimeter  measure.  ) 
Apparatus. 
The  illusion  board  is  made  as  follows.  A  strip  of  celluloid  is  tacked 
at  the  corners  to  a  board  i  foot  x  9  inches  (30°'"  x  23°'")  large.  The 
opening  ABCD  is  cut  in  it.  Six  celluloid  strips  are  prepared,  such  that 
they  can  be  slipped  under  the  left-hand  edge  of  larger  sheet  and  appear 
in  the  opening  with  one  edge  crossing  at  the  middle  PQ.     Six  some- 


Fig.  .5. 

what  longer  slips  are  prepared,  such  that  they  can  be  slipped  under  the 
rignt-hand  edge  and  extended  past  the  middle  under  the  shorter  slips. 
The  shorter  slips  bear  diagrams  of  the  kind  shown  to  the  left  in  Figure 
16  ;  the  longer  ones  bear  diagrams  of  the  kind  shown  to  the  right.  Six 
pairs  of  slips  are  used  with  diagrams  of  the  forms  indicated  in  the  follow- 
ing list ;  the  slant  lines  are  called  "  angle  lines." 

Mark  on  the  card  a  b  c  d  e  f 

Length  of  angle  line,  in  millimeters  30  30  30  15  30         60 

Angle  between  angle-line  and  horizontal         150         300         6o°         300         300       300 

The  length  of  the  constant  horizontal  line  is  not  to  be  measured  until 
all  experiments  are  completed. 

Experiments. 

Ar.  The  slips  marked  a  are  inserted  in  the  manner  described.  The 
subject  holds  the  board  directly  in  front  perpendicularly  to  the  line  of 
vision  at  the  ordinary  reading  distance.  He  moves  the  longer  slip  until 
the  two  parts  of  the  horizontal  line  appear  equal.     He  then  hands  the 
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board  to  the  experimenter,  who  measures  N,  records  the  result,  pulls  the 
longer  slip  out  slightly  and  hands  the  board  back. 

.  / .    The  experiment  is  repeated  with  A7"  on  the  left-hand  side. 

B  .    The  slips  marked  b  are  used  as  in  A  . 

B,.   As  in  B  with  A"  to  the  left. 
Slips  c  :    N  to  right. 

C(.      "      <:••'•   left. 

/?r.     "      d;   "   "   right. 

Dv    '■     ,/:   "  "  left. 

/   .     '•      e;   "   "  right. 

/  .     "      e;   "   "  left. 

/■'.     ••      /:    '•    "    right. 

J-].     "     /;  "  "  left. 

Each  record  is  made  in  a  separate  column  on  the  blanks.  The  experi- 
ments are  performed  four  times  in  the  following  order  :  i.  Ar  to  P  (as 
in  the  list  above)  ;   2.   Fl  to  Ar ;  3.   Ft  to  Ar;  4.   Ar  to  Fv 

Computation. 

1.  Find  the  average  for  each  column,  writing  the  results  in  whole 
numbers. 

2.  Find  the  averages  for  A,  B}  etc.,  thus: 


3.  Measure  M. 

4.  Find  fA  =  A  —  M,  IB=  B  —  M,  etc.  Do  not  disregard  the  sign. 
The  results  /,.  lB}  Ir  give  the  amount  of  the  illusion  as  a  function  of  the 
angle,  or  I=f(R).  The  results  /,,,  fE,  IF  give  the  amount  of  the 
illusion  as  a  function  of  the  length  of  the  end  lines,  /=  B(S). 

Points  to  be  noted. 
1.   Notice  carefully  the  system  on  which  the  experiments  are  arranged, 
in  order  to  equalize  the  effects  of  progressive  errors.      2.   Notice  that  an 
orderly  arrangement  of  the  slips  on  the  table  and  an  appropriate  routine 
in  performing  the  experiments  are  conducive  to  the  saving  of  time. 


1  Results  for 

13  students 

in  1896 

were 

as  follows  : 

Subject.      A 

B 

C 

D 

F 

(, 

H 

I 

J 

0 

P 

Q 

S 

A          90 

95 

83 

84 

71 

81 

84 

81 

81 

92 

90 

88 

82 

B          97 

99 

83 

84 

75 

83 

86 

86 

85 

93 

93 

88 

86 

C         97 

100 

90 

85 

79 

87 

90 

92 

88 

96 

92 

90 

83 

D         96 

100 

84 

88 

78 

86 

90 

87 

85 

96 

95 

92 

85 

A  96       98       79       80       75       85       87       82       83       92       92       86       80 

I  97       96       80       82       69       84       86       82       84       90       92       89      80 
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Questions. 

1.  What  are  "progressive  errors?"  Mention  some.  2.  Why  not 
omit  the  experiments  under  Er  and  Et  and  substitute  in  f=f(S)  the 
values  from  Br  and  Bt  ?  3.  How  would  you  compute  the  results  in  order 
to  determine  the  difference  in  the  illusion  between  iVto  the  right  and  JV 
to  the  left  ? 

Exercise  VI. — Threshold  of  intensity  for  sound. 
Needed  :  differential  audiometer,  telephone,  battery  of  1  A,  i.  e.,  of  I  ampere.) 

Apparatus. l 

The  audiometer  comprises  two  primary  coils  at  the  ends  of  a  base  and 
a  movable  secondary  coil  in  the  middle.  The  wires  from  the  battery  are 
brought  to  the  binding  posts  at  one  end  of  the  apparatus.  The  current 
passes  around  the  one  primary  coil  clockwise  and  then  around  the  other 
counter-clockwise.  When  this  current  is  broken  by  the  key  at  the  other 
end  of  the  apparatus,  a  momentary  current  is  aroused  by  each  primary 
coil  in  the  secondary  coil. 

The  telephone  is  connected  with  the  secondary  coil.  Place  the 
secondary  coil  close  to  one  of  the  primaries ;  hold  the  telephone  to  the 
ear  and,  gently  moving  the  key,  note  that  the  induced  current  produces 
a  sound.      Repeat  with  the  secondary  close  to  the  other  primary. 

Since  the  primaries  are  wound  in  opposite  directions  the  induced  cur- 
rents must  be  in  opposite  directions.  Consequently  the  sound  dimin- 
ishes from  its  maximum  loudness  at  either  end  to  zero  at  the  middle. 

Experiments. 

A.  The  secondary  coil  is  placed  sufficiently  near  the  primary  to  give 
a  distinctly  audible  sound.  The  subject  holds  the  telephone  to  the  right 
ear  and  closes  the  left  with  the  finger.  He  sits  with  his  back  to  the  ap- 
paratus. 

The  experimenter  repeatedly  interrupts  the  current  by  slightly  moving 
the  key.  The  subjects  responds  whenever  he  hears  the  click  in  the  tele- 
phone. The  secondary  coil  is  slowly  moved  toward  the  middle  until  the 
subject  first  loses  the  sound.  The  sound  can  be  regained  frequently  after 
it  has  been  lost,  but  this  is  disregarded.   The  graduation  is  in  millimeters. 

B.  The  secondary  coil  is  started  at  the  middle  and  moved  till  the  sub- 
ject first  hears  the  sound. 

The  left  ear  is  tested  in  like  manner. 

1  A  brief  description  of  the  simplest  form  of  the  lamp  battery  (see  p.  77  )  is  given  at 
this  point ;  the  extra-circuit  battery  appears  in  Ex.  XV. 
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<  ',  imputation. 

Find  the  averages  for  .7  and  B  for  a  set  of  four  experiments  alternated 
so  as  to  equalize  progressive  errors. 

Find  the  genera]  average  ;  denote  it  by  /. 

These  values  represent  the  faintest  perceptible  sound,  or  the  threshold, 
under' the  particular  conditions  of  the  experiment.1 

If  the  average  value  for  normal  individuals  is  T,  then  the  subject's  rela- 
tive deafness  can  be  stated  asd=         or     his     sharpness  of    hearing    as 

h  =       =       •    With  this  particular    apparatus  and   i  ampere  of  current, 
T—  200  n,m. 

Points  to  be  noted. 

1.  The  scale  is  a  purely  arbitrary  one.  2.  The  sound  is  very  little  in- 
fluenced by  any  changes  in  the  current. 

Questions. 

1.  How  would  you  define  "  sensitiveness  to  sound?"  (See  Fx.  I).  2. 
What  sources  of  error  are  possibly  present  ? 

Exercise  VII. — Dynamometry  of  voluntary  action. 

(Needed  :  finger  dynamometer,  piston  recorder,  rubber  tube,  air  valve,  simple  record- 
ing drum,  smoking  and  varnishing  arrangements,  screw-vise.) 

Apparatus. 

a.  The  dynamometer.'1  This  consists  essentially  of  two  spring-steel 
rods,  rigidly  fastened  in  a  base  block.  These  rods  can  be  deflected  in- 
ward by  pressure  on  two  small  knobs.  The  extent  of  the  deflection  is 
indicated  on  a  scale  at  the  ends.  This  scale  has  been  graduated  by  ac- 
tual trial  ;  the  unit  is  the  kilogram. 

'The  following  results  were  obtained  from  16  students  in  1896  ;  the  unit  is  the  centi- 
meter. 

Subject.        A     B     D     E     F  II      I      J  K  L  M  0  P  Q  R  S  Average. 

jA     22    17    21    17    25  27     17  18  26  16  44  26  12  12  11  13        20 

\  B     19   27    27    23    25  29    19  23  25  18  36  27  14  11  19  15        22 

J  A     20    17    22    18    23  22    28  19  25  17  25  17  11  11  19  14        19 

1   />'     20    19   26    20    25  22    26  28  24  15  25  19  12  11  20  16        21 

2  See  New  Psy<  hology,  Figs.  4  and  24. 
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A  glass  cylinder  is  attached  to  one  of  the  rods  of  the  dynamometer  and 
a  rubber  piston  is  connected  with  the  other  rod  by  an  aluminum  bar.  As 
the  rods  are  pressed  together  the  air  of  the  cylinder  is  forced  out  through 
a  rubber  tube  attached  to  the  bottom.  This  cylinder  is  called  the  receiv- 
ing cylinder. 

b.  Piston  recorder.  At  the  other  end  of  the  tube  is  the  recording  cyl- 
inder, constructed  similarly  to  the  receiver.  The  piston  of  the  record- 
ing cylinder  is  connected  to  an  aluminum  lever  which  is  lengthened  by  a 
very  light  straw  rod  ending  in  a  fine  quill  point.  As  the  air,  driven  out 
from  the  receiver,  is  forced  into  the  recorder,  the  quill  point  must  repeat 
on  a  highly  enlarged  scale  the  movement  of  the  rods  of  the  dynamom- 
eter. There  are  various  adjustments  on  the  recorder  for  changing  the 
amplification,  for  placing  the  point  higher  or  lower,  for  making  the  plane 
of  movement  tangential  to  the  surface  of  the  drum,  for  adjusting  the  cyl- 
inder, etc. 

Each  piston  is  rendered  air-tight  by  a  drop  of  oil.  The  valve  in  the 
rubber  tube  serves  to  let  air  out  or  in  when  it  is  desired  to  change  the 
position  of  the  recording  point. 

c.  Recording  drum.  This  is  a  carefully  turned  brass  cylinder,  revolv- 
ing on  an  axis.  The  drum  is  first  placed  with  its  axis  horizontal.  The 
end  of  a  sheet  of  glazed  paper  is  moistened  with  paste.  It  is  then 
stretched  tightly  and  smoothly  around  the  drum  and  the  pasted  end  is 
lapped  over  the  other  one.  This  makes  a  tight  band  of  paper  around  the 
drum ;  no  paste  should  be  allowed  to  get  on  the  drum  itself.  A  gas 
flame  is  held  beneath  the  drum  so  that  it  deposits  soot  on  the  paper ;  the 
drum  is  slowly  turned  in  order  to  keep  the  paper  from  burning. 

d.  Adjusting  the  apparatus.  The  drum  is  placed  so  that  its  axis  is 
vertical.  The  quill  point  of  the  recorder  is  brought  near  the  smoked 
surface  by  moving  the  support  and  by  adjusting  the  screws  that  hold 
it.  Then  the  point  is  brought  into  light  contact  with  the  surface  by 
turning  the  adjusting  screw  at  the  side.  The  lever  should  be  as  nearly  as 
possible  at  a  tangent  to  the  surface  of  the  drum.  As  the  drum  is  turned, 
a  line  is  drawn  in  the  smoke  by  the  quill  point. 

The  dynamometer  is  held  between  the  tips  of  the  thumb  and  index 
finger;  the  base  block  rests  lightly  in  the  palm  of  the  hand.  A  comfort- 
able position  is  found  and  the  eyes  are  closed. 

Experiments. 
A.   Scale  of  effort.     At  the  word  "One"   from  the  experimenter  the 
subject  presses  the  dynamometer  lightly.     At  the  word  "  Two  ' '  he  presses 
it  twice  as  hard  as  before  ;  at  "  Three  ' '  three  times  as  hard  and  at  ' '  Four  ' ' 
four  times  as  hard. 
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When  this  has  been  done  a  number  of  times  in  order  to  familiarize  the 
subject  with  the  experiment,  the  experimenter  gives  the  drum  a  slight 
turn  before  each  pressure  so  that  the  records  are  separated  distinctly. 
Five  sets  of  four  marks  each  are  thus  obtained. 

The  dynamometer  is  placed  in  a  screw  vise  so  that  the  cheeks  of  the 
vise  take  the  places  of  the  fingers  of  the  subject.  The  drum  is  turned  so 
that  the  quill  point  is  at  the  first  record.  The  vise  is  screwed  up  till  the 
point  has  moved  as  far  as  the  original  record  ;  the  number  of  kilograms 
corresponding  to  this  movement  is  read  off  from  the  scale.  The  tenths 
of  a  kilogram  are  estimated  by  the  eye.  The  result  is  recorded  in  the 
first  column  of  the  record  blank.  The  drum  is  now  turned  till  the  point 
is  opposite  the  second  record  ;  the  vise  is  screwed  up  and  its  value  de- 
termined as  before.  The  result  is  placed  in  the  second  column.  In  the 
same  manner  all  the  records  are  determined,  the  results  being  placed  in 
the  columns  i,  2,  3,  4  according  to  the  original  intention  of  the  subject 
in  exerting  the  pressures. 

In  each  set  of  records  the  pressures  were  intended  to  stand  in  the  re- 
lation of  1,  2,  3  and  4  ;  the  actual  relations  are  found  by  dividing  each 
record  of  a  set  by  the  record  for  the  first  pressure  in  that  set.  Thus  the 
records  1.1,  1.8,  2.4,  3.2  stand  in  the  relations  of  1.0,  1.6,  2.2,  2.9. 
This  is  done  separately  for  each  set.  The  results  for  each  pressure  are 
averaged.     The  following  is  a  specimen  record. 


Mental  scale  of  pressure 

I 

11 

III 

IV 

Actual  pressure  exerted 

i-.i 

1.8 

2.4 

3-2 

1.8 

2.1 

2.8 

3-7 

i-3 

i-9 

2-5 

3-3 

1.0 

1.8 

2.4 

3-i 

1-3 

17 

2-5 

3-5 

Relative  pressure  exerted 

1.0 

1.(5 

2.2 

2.9 

1.0 

1.2 

1.6 

2.1 

1.0 

i-5 

i-7 

2-5 

I  0 

1.8 

2.4 

3-i 

1.0 

i-3 

1.9 

2.7 

Average 

1.0 

i-5 

2.0 

2.7 

The  experiments  are  repeated,  beginning  with  a  very  strong  pressure 
and  proceeding  in  the  the  order  "Four,"  "Three,"  "Two,"  "One." 

B.  Curve  of  fatigue.  The  preparations  are  made  as  before.  At  the 
word  "Go"  the  subject  presses  on  the  dynamometer  as  strongly  as 
possible  and  maintains  the  pressure  at  its  maximum  until  told  to  stop.  The 
experimenter  keeps  the  drum  turning  slowly  for  10  sec.  by  the  watch  ; 
thereupon  he  calls  "Stop."     The  line  traced  upon  the  drum  shows  the 
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fluctuation  in  the  maximum  amount  of  effort.  The  fatigue  curve  is  found  by 
drawing  a  horizontal  line  from  the  highest  point  at  the  beginning  of  the 
record  and  then  turning  the  record  bottom  up  ;  the  curve  then  runs,  of 
course,  from  right  to  left.  The  amount  of  fatigue  is  to  be  found  by  tak- 
ing readings  at  the  beginning  and  at  the  end  of  the  curve  in  the  manner 
described  under  A. 

C.  Diversion  of  energy.  The  preparations  are  made  as  before,  but  in- 
stead of  closing  the  eyes  the  subject  keeps  them  fixed  on  a  printed  page. 
At  the  word  "Go"  he  is  to  press  as  hard  as  possible;  this  maximum 
pressure  is  to  be  kept  up  without  any  relaxation  till  the  end  of  the  experi- 
ment. Shortly  after  starting  the  experimenter  calls  "  Read  "  and  at  the 
same  time  makes  a  check  on  the  drum  near  the  quill  point  by  means  of  a 
small  stick  or  a  pencil.  The  subject  begins  reading  aloud  at  the  signal  and, 
without  relaxing  the  pressure,  continues  to  read  until  the  words  "Stop 
reading."1 

D.  Preserving  the  record.  The  drum  is  placed  horizontally,  the  paper 
is  slit  across,  one  end  is  caught  by  a  clamp,  the  sheet  is  run  through  a 
solution  of  shellac  and  is  hung  up  to  dry. 

This  shellac  solution  is  contained  in  a  large  bottle  at  the  varnishing 
stand.  Lift  the  bottle  from  the  lower  shelf  and  place  it  on  the  upper  one. 
The  varnish  runs  through  the  rubber  tube  and  floods  the  varnishing  tray. 
The  shellac  solution  is  composed  of  1  part  by  volume  of  saturated  solu- 
tion of  shellac  in  alcohol  and  4  parts  of  95%  alcohol.  In  running  the 
sheet  through  the  solution  get  the  fore  edge  of  the  sheet  under  the  solu- 
tion first  and  keep  the  smoked  side  upward.  After  the  sheet  has  been 
varnished,  the  bottle  must  be  replaced  on  the  lower  shelf;  the  varnish 
runs  back  into  it  and  is  kept  from  evaporation. 

Points  to  be  noted. 

1.  Possibility  of  establishing  mental  scales.  2.  The  falling  off  in 
the  effort  in  what  is  meant  by  "fatigue"  in  this  case.  To  call  it 
"the  effect  of  fatigue"  would  bring  in  assumptions  not  justified  by  the 
experiment ;  a  scientific  definition  must  start  with  the  facts  as  immedi- 
ately given. 

Questions. 

1.  How  was  the  standard  physical  scale  established?  2.  What  general 
conclusions  would  you  draw  concerning  mental  energy?  3.  How  mal- 
adjustments can  you  point  out  on  the  piston-recorder? 

1  Such  a  record  is  shown  in  Fig.  48  of  The  New  Psychology. 
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Exercis]    VIII.  —  Rhythmic  movements. 

(Needed:    Jacquet   graphic    chr meter,    kymograph,    Marey.   tambours,   upright 

wooden  scale,  paper,  smoking  and  varnishing  arrangements,  2  standards.) 

Apparatus. 

(i.  Graphic  chronometer.  This  is  essentially  a  fine  stop  watch  with  a 
recording  point  and  electric  contact.  The  smaller  dial  indicates  seconds, 
the  larger-one  minutes.  The  chronometer  is  wound  by  the  screw  at  the 
back  ;  it  will  run  for  411  without  error  due  to  laxity  of  spring,  or  61'  with 
a  small  error.  The  catch  b  at  the  bottom,  when  moved  to  the  right, 
starts  the  chronometer  ;  when  to  the  left,  stops  it.  Pressure  on  the  catch 
a  at  the  side  returns  the  hands  to  o.  The  recording  point  d  makes 
a  movement  once  a  second,  or  five  times  a  second,  according  as  the 
catch  c  at  the  back  is  pushed  in  or  pulled  out.  The  extent  of  the  move- 
ment of  the  recording  point  is  regulated  by  the  screw  c  beneath  it. 
When  the  chronometer  is  placed  vertically  the  weight  of  the  recording 
lever  is  sufficient  to  bring  it  back  when  moved,  but  when  it  is  in  a 
horizontal  position  the  screw  /  at  the  right-hand  side  should  be  made 
to  bear  lightly  on  the  spring  at  the  opposite  end  of  the  lever.  The  chro- 
nometer is  held  on  the  support  by  the  screw  /.  When  used  with  the 
drum,  it  is  brought  near  the  surface  at  a  tangent  by  moving  the  support ; 
the  finer  adjustment  is  then  made  by  turning  the  screw  m  in  front. 

b.  Kymograph.  This  is  a  recording  drum  moved  by  clockwork.  It 
differs  from  the  hand-drum  by  having  its  speed  so  carefully  regulated 
that,  when  its  rate  of  revolution  is  once  determined,  it  can  be  depended 
upon  to  maintain  that  rate  with  a  high  degree  of  accuracy,  provided  the 
spring  is  kept  wound  up  to  about  the  same  tension  and  the  whole  ap- 
paratus is  in  perfect  order.  The  lettering  used  in  the  following  instruc- 
tions will  be  found  painted  on  the  apparatus  at  the  appropriate  points. 

First  place  the  drum  in  the  separate  horizontal  support  as  in  Ex.  VII. 
Place  some  paste  on  one  end  of  the  sheet  of  glazed  drum-paper.  Stretch 
the  paper  around  the  drum  tightly  and  bring  the  pasted  end  over  the 
other  end.  Coat  the  paper  with  smoke  by  holding  a  gas  flame  close  be- 
neath it. 

Lift  the  drum  from  the  support,  grasping  it  around  the  ring  (9  at  the  end. 
Raise  the  spring  G  of  the  kymograph  by  the  arm  F  till  it  catches.  Let 
the  end  of  the  drum -axle  drop  into  the  socket  P.  Bring  the  groove  of 
the  ring  O  up  till  it  catches  on  the  wheel  at  the  end  of  the  arm  X. 
bring  the  top  of  the  axle  just  below  the  socket  held  by  G,  and  let  F 
snap.  The  drum  is  now  in  position  ;  it  should  be  turned  till  the  project- 
ing point  at  the  bottom  of  the  axle  catches  in  a  notch  of  the  spring  P. 
If  the  kymograph  is  not  firm  upon  the  table,  adjust  the  leg  M. 
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Wind  up  the  clock-spring  by  the  handle  .7.     Move  the  brake  E  in 

order  to  release  the  governor  D.     When  the  screw  7)'  is  tight  the  drum 

will  turn  with  the  clockwork  :  when  it  is  loose,  the  drum  is  disconnected. 

The  connection  of  the  clockwork  with  the  drum  axle  is  established  by 

the  large  friction  disc  which  presses  against  the  small  friction  roll  X. 
When  handling  the  drum,  always  disconnect  it  by  turning  B ;  this  keeps 
the  friction  disc  from  being  -round  by  chance  movements  of  the  roll  X. 
The  speed  of  the  friction  disc  is  (hanged  by  different  combinations  of 
the  gears  of  the  clockwork.  The  case  of  the  clockwork  can  be  opened 
bj  turning  two  projecting  screws  at  the  side.  There  are  two  gears  that 
move  sidewise  on  their  axles,  a  lower  one  (white  stripe),  and  an  upper 
one  (red  stripe  ).  The  following  table  gives  the  speeds  approximately  ob- 
tainable by  the  different  combinations. 


SP1  1  D 

POS1  l  ION  >'] 

POSl  I  ION    Of     UPPER 

I  RICTION  R0L1     \  I 

FRIi   1  ION  ROLL  AT 

NAM]  . 

LOWKR  Wlllll 

Will  1   1 

LOWEST  POINT. 

HIGHEST  POINT. 

I 

Left. 

Right  {  weak  spring). 

jh  ^0m 

12'" 

II 

Left. 

Left  (medium  spring). 

6m 

45° 

III 

Left. 

Middle  (strong  spring). 

2  in 

15s 

IV 

Right. 

Right   (weak  spring). 

I2m 

iy2m 

V 

Right. 

Left  (medium  spring). 

40s 

5s 

VI 

Right. 

Middle  i  strong   spring). 

16s 

2a 

There  are  three  sets  of  springs  for  the  governor  ;  that  set  should  be 
chosen  which  allows  the  wings  of  the  governor  to  take  a  middle  position 
when  in  motion.  When  the  upper  wheel  is  in  the  middle  position  the 
screw  C  should  be  turned  so  as  to  bring  the  little  wheel  at  the  end  of  the 
arm  into  position  between  the  largest  and  smallest  cog-wheels. 

The  intermediate  speeds  between  the  figures  in  the  table  are  obtained 
by  moving  the  roll  .V  by  means  of  the  screw  7?.  An  index  connected 
with  A'  moves  over  a  scale  so  that  a  speed  once  found  can  be  reproduced 
by  direct  adjustment  of  the  index  to  the  same  point;  to  avoid  back-lash 
the  adjustment  should  be  made  in  the  direction  from  zero  upward.  Adjust 
the  kymograph  for  this  exercise  to  about  20s  for  1  revolution. 

c.  Tambours.  The  essential  principle  of  the  tambour  is  found  in  its  con- 
struction as  a  metallic  air-chamber  with  a  rubber  top  and  a  side  tube. 
There  are  two  tambours,,  the  receiver  and  the  recorder. 

Any  desired  movement  may  be  communicated  to  the  straight  lever  (1) 
of  the  receiver  (2).  This  lever  communicates  the  movement  to  the  air 
inside  by  its  varying  pressure  on  the  rubber  top.  The  movement  of  the 
air  is  communicated  along  the  rubber  tube  (3)  to  the  recorder  (5).     The 


Elementary  course  in' psychological  measurements. 


hi 


rubber  top  of  the  recorder  moves  in  response  to  the  movements  of  the  air, 
and  the  light  curved  lever  (9)  resting  on  it  consequently  repeats  the 
movements  of  the  straight  lever  of  the  receiver.  The  point  of  connec- 
tion (8)  to  the  recording  lever  can  be  moved  so  as  to  obtain  different  de- 
grees of  amplification  ;  the  body  of  the  tambour  is  kept  centered  beneath 
the  point  of  connection  by  a  screw  (6)  at  the  back.  For  the  present  ex- 
ercise any  convenient  amplification  is  used.  The  position  of  the  point 
on  the  drum  is  adjusted  by  the  arm  (7)  which  moves  the  fulcrum.  The 
valve  (4)  is  used  as  in  Ex.  VII. 

Experiments. 

A.  Getting  the  time -line.  The  drum  is  set  in  motion.  The  graphic 
chronometer,  adjusted  to  beat  seconds,  is  placed  on  the  upright  support. 
The  support  is  moved  till  the  recording  point  nearly  touches  the  smoked 
surface  at  a  tangent.  The  point  is  brought  into  light  contact  by  the  ad- 
justing screw.  The  chronometer  thus  traces  a  line  with  checks  at  inter- 
vals of  is.  The  chronometer  is  then  carefully  removed  and  placed  in  its 
box. 

B.  Recording  an  instinctively  chosen  rhythm.  The  recording  tambour 
is  placed  so  that  its  point  draws  a  line  on  the  drum.  The  receiver  is  ar- 
ranged with  its  lever  in  front  of  a  vertical  scale. 

The  subject  takes  the  straight  lever  between  thumb  and  finger  at  the 
point  marked  in  black.  He  is  to  move  it  up  and  down  as  regularly  as  pos- 
sible over  a  distance  of  about  3°™.  By  "  regularly  "  is  meant  evenly  and 
at  regular  intervals.  While  this  is  being  done,  the  experimenter  allows  the 
drum  to  make  one  revolution.  By  turning  the  handle  H,  the  drum  is 
then  lowered  sufficiently  for  another  record. 

C.  Recording  an  arbitrary  rhythm.  The  subject  tries  to  beat  twice  as 
fast  as  before. 

Computation. 

The  drum  is  lifted  out  of  the  apparatus  by  grasping  it  around  the 
ring  and  raising  the  lever  G.  It  is  placed  in  the  horizontal  sup- 
port. The  experimenter  writes  on  it  with  a  pointed  instrument  the 
name  of  the  subject,  the  date  and  the  time.  With  the  point  of  a 
knife  the  paper  is  slit  across,  the  thumb  being  kept  over  the  beginning  of 
the  slit  in  order  to  keep  the  paper  from  falling.  The  end  of  the  paper 
is  caught  by  a  varnishing  clamp.  The  paper  is  run  through  the  varnish- 
ing solution  of  shellac  and  hung  up  to  dry.1 

1  Observations  connected  with  this  experiment  led  me  to  report  (Science,    1896,   n.   s. 
IV  535 )>  tne  following  law,  subject  to  amplification  and  correction  by  further  experi- 
ment.    The  probable  error  (all  apparatus  errors  being  negligible)  is  a  good  measure  of 
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When  the  paper  is  dry  the  lower  edge  containing  the  time-record  is  cut 
o\\  to  serve  as  a  scale  of  seconds.  Ten  of  the  distances  from  top  to  top 
o\  the  waves  in  each  rhythm  are  measured  by  this  scale,  giving  the  re- 
sults in  seconds  and  estimated  tenths. 
variations  are  found  in  each  case. 


The  average  and  the  character- 


Specimen    record. 


Natural  rhythm. 

Arbitrary 

rhythm. 

m 

V* 

III 

V 

V2 

i  8 

o.  16 

O.O256 

I.I 

0.05 

0.0025 

.16 

.0256 

0.9 

15 

.0225 

i-7 

.06 

.OO36 

1.0 

05 

.0025 

i-5 

•  14 

.OI96 

1.2 

15 

.0225 

i-7 

.06 

.OO36 

0.8 

25 

.0625 

i-5 

.14 

.OI96 

1.0 

05 

.0025 

1.6 

.04 

.OOl6 

I.I 

05 

.0025 

i.S 

.16 

.0256 

1.6 

55 

•3025 

1-4 

.24 

.0576 

0.9 

15 

.0225 

1.6 

■04 

.OOl6 

0.9 

15 

.0225 

i      ; 

9 
IO 

|<  M84O 
)0.0204 

I  .05 

9)0.4650 

10)0.0519 

04 

0.0020 

•  < 

O.c 

j/0.0020  =  O 

>.0052 

=  O.O7 

2iXo 

04  =  0. 

03 

%Xo. 

07 

=  0.05 

a  =  I 

.64  ±  O 

03 

a  = 

=  I. 

05 

±  O.O5 

Points  to  be  noted. 

1.   The  method  of  obtaining  ioths  of  a  unit  by  the  eye  is  in  this  case 
just  as  accurate  as  if  a  carefully  prepared  scale  were  used.      2.   Although 

the  subject's  irregularity  (see  above  p.  21,  note  1),  or  of  the  difficulty  of  his  mental  pro- 
5es.      1  feing  it  thus  as  a  measure  of  the  disadvantage  of  a  rhythm  we  can  express  the 
relation  of  the  disadvantage  to  the  length  as  r=.f(t)  where  r   is  the  probable  error 
and  /  the  length  of  the  time  in  the  rhythmic  movement.     The  law  proposed  is 


constant, 


\t-T\ 

where  r  and  /  have  the  same  meanings  as  before,  T  is  the  length  of  the  time  chosen 
naturally  and  |  / — T\  indicates  that  the  sign  of  the  quantity  is  disregarded.  In 
other  word-,  the  amount  of  irregularity  is  proportional  to  the  deviation  from  the  natural 
rhythm.  The  relation  here  observed  is  illustrated  by  the  well  known  fact  that  in  such 
rhythmic  movements  as  walking,  running,  etc.,  a  certain  frequency  in  the  repetition  of 
the  movement  is  most  favorable  to  the  accomplishment  of  work.  Thus,  to  go  the  great- 
est distance  in  steady  traveling  day  by  day,  the  horse  or  the  bicyclist  must  move  his  limbs 
with  a  certain  frequency:  not  too  rapid,  as  this  would  fatigue  and  cut  short  the  journey* 
and  not  too  slow,  as  this  also  would  be  fatiguing  and  wasteful.  This  favorable  frequency 
i-  a  particular  one  for  each  individual  and  for  each  condition  in  which  he  is  found  ;  any 
deviation  diminishes  the  final  result. 
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the  records  could  easily  be  read  in   iooths,  the  degree  of  accuracy  ap- 
propriate to  the  experiment  lies  in  ioths. 

Questions. 

1.   What  is  the  relation  between  the  probable  error  and  regularity? 
2.   How  would  you  express  this  relation  mathematically? 


Exercise  IX. — Maximum  rapidity  of  repeated  volitions. 

(Needed  :  recording  drum,  paper,  smoking  and  varnishing  arrangements,  loo  v.  d. 
electric  fork,  fork  support,  double  contact  key,  spark  coil,  condenser,  battery  of  I  A,  bat- 
tery of  4 A. ) 

Apparatus. 

a.  Recording  drum.  This  drum1  consists  essentially  of  an  evenly 
turned  cylinder  rotating  on  two  centers.  Parallel  to  the  axis  of  the  drum 
are  two  rails  guiding  an  upright  support,  called  the  marker  support.  The 
support  is  moved  by  a  screw  operated  by  a  handle  at  the  end.  Glazed 
drum-paper  is  stretched  around  the  drum  and  smoked  in  the  manner 
described  in  Ex.  VII. 

b.  Electric  fork.  An  electric  current  of  1  ampere  is  brought  to  the 
binding  post  at  the  back  of  the  fork.  It  travels  along  the  prong  to  the 
platinum  wire.  When  this  wire  is  in  contact  with  the  plantinum-covered 
disc  the  current  passes  to  the  base  of  the  magnet,  whence  it  goes  through 
the  wire  of  the  magnet,  out  at  the  insulated  post  and  back  to  the  battery. 
While  the  current  is  passing,  the  coil  becomes  magnetic  and  pulls  the 
prongs  of  the  fork  inward.  If  the  platinum  wire  is  in  very  light  con- 
tact with  the  disc,  this  movement  of  the  prongs  will  separate  them,  and 
the  current  will  be  interrupted.  Consequently  the  coil  ceases  to  be  mag- 
netic and  the  prongs  fly  outward.  The  outward  movement,  however, 
brings  the  platinum  wire  into  contact  with  the  disc  again ;  the  current 
passes  through  the  coil,  and  the  movement  begins  as  before.  WTith  a 
proper  adjustment  of  the  disc  in  relation  to  the  platinum  wire  the  fork 
will  continue  to  vibrate  as  long  as  the  current  is  supplied.  The  proper 
adjustment  is  attained  by  starting  the  disc  away  from  the  wire  and  screw- 
ing it  up  till  it  just  touches — which  can  be  seen  from  the  darkening 
of  the  little  lamp  of  the  battery — and  then  giving  about  y%  of  a  turn 
more.      If  the   fork  does  not  begin  to  vibrate  of  its  own  accord,  it  is 

1  See  Fig.  33  in  Stud.  Yale  Psych.  Lab.,  1893  I  100,  and  Fig.  6  in  The  New  Psy- 
chology. 
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started  by  a  light  Mow  of  the  linger.  A  light  recording  point  of  fine 
spring  steel  is  attached  to  one  prong.1 

<-.  Fork  support.1  The  object  of  the  fork  support  is  to  provide  a  deli- 
.  ate  and  convenient  adjustment  of  the  contact  point  on  the  smoked  paper. 
It  is  fastened  to  the  marker  support  of  the  drum  by  the  clamp  M,  by  which 
it  can  be  raised,  lowered  or  turned  as  desired.  The  rod  R  is  placed  in 
the  hole  through  the  base  of  the  fork  ;  the  screw  S  clamps  the  base  firmly. 
The  screw  /  gives  adjustment  on  the  rod  P.  The  fork  is  first  placed  nearly 
in  position  with  its  steel  recording  point  at  a  tangent  to  the  drum  and  its 
plane  of  vibration  parallel  to  the  drum  axis.  It  is  now  lowered  by  the 
screw  .Y.  acting  on  the  arm  O,  till  the  point  is  in  good  contact  with  the 
paper. 

it.  Double  contact  key.'  This  key  consists  of  a  lever  moving  on  a  bar 
hung  between  centers.  A  spring  holds  the  front  end  of  the  key  up  ;  the 
tension  of  this  spring  is  adjusted  by  the  screw  Z.  It  should  be  great 
enough  to  hold  the  lever  up  as  far  as  it  will  go,  but  small  enough  to  offer 
the  least  possible  resistance  to  movement.  At  Y  a  platinum  point  is 
inserted.  Just  below  Y there  is  another  point  X,  which  is  supported  by 
a  ring  of  hard  rubber  so  that  there  is  no  metallic  connection  with  the 
frame.  A  wire  leads  from  X  to  the  binding-post  i.  At  the  back  of  the 
lever  there  is  a  screw  W,  carrying  a  platinum  point  V.  Just  below  F  there 
is  another  point  U supported  by  hard  rubber  and  in  connection  with  the 
post  2.  The  extent  to  which  the  lever  moves  is  regulated  by  turning  W. 
There  should  be  enough  movement  to  be  distinctly  felt,  but  not  enough  to 
cause  loss  of  time.  The  framework  of  the  key  (and  consequently  the 
contacts  Kand  V)  is  connected  to  post  3. 

Bring  the  wires  from  the  4-ampere  battery  to  the  posts  1  and  3  ;  notice 
(by  the  darkening  of  the  small  lamp)  that  the  current  passes  through  the 
key  whenever  Kand  A"  are  kept  in  contact  by  pressure  on  the  rubber 
knob   A. 

Bring  the  battery  wires  to  2  and  3.  Notice  that  the  current  passes 
whenever  Fand  cVare  in  contact. 

1  To  prepare  these  steel  points  I  procure  from  the  clock  factory  a  flat  strip  of  fine  "  pen- 
dulum wire."'  Pieces  are  cut  off  of  3  cm.  length.  A  hole  to  fit  over  the  screw  is  made  in 
each  piece ;  the  opposite  end  is  cut  to  a  sharp  point  and  bent.  Such  a  piece  is  substi- 
tuted for  the  usual  brass  point  that  comes  with  the  fork.  The  great  elasticity  of  the  steel 
reduces  the  friction  to  a  minimum  ;  its  hardness  keeps  the  point  sharp  for  a  long  time; 
whereby  a  very  fine  line  may  be  produced. 

2  See  above,  p.  82. 

3  The  lettering  is  found  on  the  apparatus.  A  picture  of  such  a  key  without  the  ad- 
justing screws  Z  and  V  is  given  in  The  New  Psychology,  Fig.  27  ;  post  I  is  nearest, 
post  2  is  farthest  and  post  3  between  them. 
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Connect  1  and  2  by  a  short  wire.  The  current  is  then  interrupted  for 
an  instant  at  each  movement  of  the  key  downward  or  upward. 

e.  Spark  coil.  The  spark  coil  consists  of  two  coils  of  wire.  l  The 
inner  one,  ''primary  coil,"  is  made  of  a  few  turns  of  coarse  wire  end- 
ing in  the  terminals  P.  The  outer  one,  "secondary  coil,"  consists  of 
many  turns  of  very  fine  wire,  ending  in  the  terminals  S.  Insert  a  metal 
rod  F  through  one  of  the  posts  S  and  bring  its  point  within  about  *4'am  of 
the  other  post.  Bring  one  wire  of  the  4A  battery  to  one  of  the  posts  P. 
Touch  the  other  post  with  the  other  wire  for  an  instant ;  notice  that  a 
spark  jumps  across  at  S. 

Bring  one  wire  of  the  4A  battery  to  one  of  the  posts  P  and  the  other 
one  to  the  post  2  of  the  telegraph  key.  Connect  post  3  with  the  other 
post  P  by  an  extra  wire.  Notice  that  a  spark  is  produced  every  time  the 
key  knob  is  pressed  or  released. 

Remove  the  rod  F  and  connect  one  of  the  posts  S  to  the  metallic  back 
of  the  fork  by  a  light  wire  and  the  other  one  to  the  binding  post  H  oi 
the  drum  by  a  similar  wire.  The  wooden  base  of  the  fork  interrupts 
metallic  connection  between  the  two  wires  and  the  spark  is  forced  to  fly 
off  the  recording  point  and  through  the  paper  to  the  drum.  This  makes 
a  white  dot  on  the  paper.  2 

f.  Condenser.  The  condenser  consists  of  two  sets  of  sheets  of  tin-foil 
arranged  alternately.  The  sets  are  connected  to  the  two  posts  K,  L. 
The  sheets  are  kept  separate  from  each  other  by  sheets  of  paper.  Two 
wires  are  brought  from  K  and  L  to  the  posts  2  and  3  of  the  key  without 
disturbing  the  battery  connections.  Notice  that  the  spark  at  the  drum 
is  made  stronger  by  using  the  condenser. 

Experiments. 

A.  Adjustments.  The  fork  is  adjusted  at  the  farther  end  of  the  drum. 
The  experimenter  sets  the  drum  in  motion  by  striking  the  edge  with  his 
hand.  By  turning  the  handle  that  moves  the  fork  support  he  pulls 
the  fork  along  toward  him.  The  speed  of  the  drum  should  be  such  that 
a  single  wave  extends  over  about  icm.  During  the  experiment  the  fork 
support  should  move  fast  enough  to  make  the  fork  trace  a  spiral  without 
overlapping,  but  slow  enough  not  to  waste  paper.  The  subject  adjusts 
the  key  evenly  on  the  table.  He  then  taps  several  times  to  prove  that 
the  spark  connections  are  in  order. 

B.  Recording  the  most  rapid  tapping.     The  subject  takes  a  comfortable 

JThe  separable  coil  should  be  used,  see  above,  p.  81. 

2  The  plan  of  connection  of  the  spark  coil  and  fork  is  similar  to  that  shown  in  Fig.  6  of 
the  New  Psychology. 
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position,  grasps  the  knob  of  the  key  between  thumb  and  middle  finger, 
and.  steadying  the  key  with  the  other  hand,  makes  the  lever  vibrate  as 
rapidly  as  possible.  This  is  done  by  way  of  practice  for  a  few  moments 
without  making  a  record. 

The  subject  is  ready.  The  experimenter  calls  "Now,"  whereupon 
the  subject  begins  to  tap  as  rapidly  as  possible.  The  drum  is  set  going 
and  a  record  is  taken  for  a  few  seconds.  The  name  of  the  subject  is 
written  in  the  smoke  by  a  pencil  or  a  pointed  stick. 

C.  Preparing  the  record.  The  paper  is  slit  crosswise  with  a  knife, 
lifted  at  one  end  and  run  through  a  solution  of  shellac  as  described  in 
Ex.  VII. 

D.  Computing  the  results.  When  the  record  is  dry  a  portion  about  in 
the  middle  is  selected  for  computation.  As  a  dot  was  made  at  each  tap 
and  release  of  the  key,  the  distance  between  two  dots  on  the  fork-line,, 
or  time-line,  gives  the  time  for  a  single  movement.  The  time  is  divided 
into  iooths  by  the  wave  of  the  fork-line  ;  the  ioooths  are  obtained  by 
estimating  the  extra  ioths  of  a  wave  by  the  eye.  Ten  successive  records 
are  counted.     The  average  and  the  probable  error  are  found. 


Specimen  record. 


40  0.7  0.49 

39  i-7  2.89 

40  0.7  0.49 

42  1.3  1.69 

41  0.3  0.09 

43  2-3  5-29 

40  0.7  0.49 
39  i-7  2.89 

41  0.3  0.09 

42  1.3  1.69 


40.7  9)16.10 

10)1-56 
0.16 

1/0.16  =  0.4    ^X°4  =  a3    a  =  40. 7  ±0.3 

Theoretical  considt rations. 

The  repeated  taps  were  produced  by  successive  volitions  resulting  in 
the  alternating  movements,  down  and  back.  Assuming  that  the  two 
movements  represent  two  volitions  alternated  as  rapidly  as  possible,  the 
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result  gives  the  average  time  required  as  a  minimum  for  the  rise  and  exe- 
cution of  a  volition.1 

Points  to  be  noted. 
1.   Regularity  and  rapidity  may  be  quite  different  in  different  persons. 
2.   A  very  rapid  person  may  not  be  a  very  regular  one. 

Questions. 

1 .  How  are  we  justified  in  considering  the  time  between  two  muscular 
movements  as  a  mental  time?  2.  What  means  would  you  suggest  for 
shortening  the  tap-time  and  decreasing  the  probable  error? 

Exercise  X. — Simple  reaction  to  sound. 

(Needed:  recording  drum,  automatic  break,  smoking  and  varnishing  arrangements, 
100  v.  d.  electric  fork,  Pfeil  marker,  Deprez  marker,  telephone,  reaction  key,  adjust- 
able marker  support,  simple  break  switch,  two  batteries  of  1  ampere,  one  battery  of  2 
amperes.)2 

Apparatus. 

a.  Recording  drum.  The  drum  used  in  this  exercise  is  known  as  the 
"  standard  drum  "  on  account  of  the  steadiness  of  its  movement,  which 
is  due  to  the  weight  of  the  wheel.3  Glazed  drum  paper  of  the  proper 
size  is  adjusted  around  the  drum  and  is  smoked  on  that  quarter  which  is 
beneath  the  projecting  arm  C.  The  drum  is  moved  by  a  ratchet  handle 
at  the  top  ;  it  may  be  stopped  by  the  brake  at  the  side. 

1The  following  table  gives  the  results  on  20  students  in  1896  : 

Averages  for  all. 
Subject:         A      B      CE     FGH      I      I      J      LMXO      PQR      SUZ 
Average:       41     71     59     46     80  123  71     92     77  113     97     33     84     72     52  62  147  117  118  60        81 

variation:/    I2     24     l8      8      9     5°    2     28     I3     36     lr     *4     4°     IO     r9     5     2°     z7      6     3         *7 

Relative  *) 

average    >  39     33     30     17     11     41     2     30     17     32     n     42     48       7     36     7     12     15       55   21  percent, 
variation  :  J 

Probable  l^-o  <r      o       *  n  s       n  n 

error:     J'3'4  6-8   5I  2-2  Z-S  I4°°-6  7-8  3-6  10.1  3.1  3.9  11.2  2.8  5.3  1.45.6   7.8   1.70.8    4.5 

The  results  give  the  times  for  the  alternated  movements  naturally  used  by  unprac- 
ticed  persons  in  attempting  to  move  the  telegraph  key.  By  trial  the  subject  can  finally 
select  the  most  rapid  movement,  which  will  frequently  be  much  quicker  than  the  origi- 
nal one.  The  average  variation  (or  mean  variation)  is  the  average  of  the  residuals;  in 
the  example  above  it  would  be  the  average  for  the  column  v. 

2  The  drum  of  the  previous  exercise,  which  is  fitted  with  an  automatic  break,  may  be 
used  for  this  exercise.  The  fork  and  adjustable  marker  support  may  likewise  be  the 
same  as  before.  In  such  a  case  the  previous  exercise  should  be  put  far  enough  ahead  of 
this  one  in  the  course  to  avoid  any  need  for  the  same  pieces  in  two  simultaneous  exer- 
cises.    It  is  preferable  to  have  several  drums,  all  of  which  should  have  automatic  contacts. 

3  Sec  Stud.  Vale  Psych.  Lab.,  1895,  III,  Fig.  16. 
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/>.  Automatic  break}  The  projecting  arm  C  as  it  passes  the  rubber 
block  D  strikes  a  projecting  pin  G  and  moves  it.  On  the  other  side  of 
D  there  is  the  small  arm  /  mad'  into  one  piece  with  the  pin  G  )  it, 
therefore,  moves  when  G  is  struck.  This  movement  brings  a  platinum 
point  away  from  the  platinum  point  of  the  screw  If.  Thus,  if  the  two 
wires  of  an  electric  circuit  are  brought  to  the  posts  E  and  F,  the  current 
is  interrupted  every  time  C  strikes  G. 

c  Marker  support.  The  carriage  Priding  on  the  steel  post  is  movable 
by  the  handle  J.  It  carries  a  projecting  rod  L,  to  which  forks  and 
markers  may  be  attached.  When  two  markers  are  used,  as  in  the  present 
exercise,  an  adjustable  support2  M  is  placed  on  L.  The  rod  of  M  is 
placed  vertically.     This  rod  can  be  rotated  by  the  screw  iVor  lever  O. 

</.  Deprez  marker.  This  marker  is  adjusted  on  the  rod  of  the  support 
by  the  screw  P.  It  is  so  placed  that  when  it  is  lengthened,  by  turning 
the  screw  Q,  the  fine  point  at  the  end  can  be  brought  into  delicate  con- 
tact with  the  smoked  surface.  Bring  the  two  wires  from  a  iA  battery  to 
the  posts  R,  S.  Notice  that  whenever  the  circuit  is  completed  the  arma- 
ture V\%  drawn  to  the  magnet  U,  and  that  when  it  is  broken  the  arma- 
ture flies  back.  If  this  does  not  happen,  the  adjustment  is  to  be  made 
more  delicate  by  altering  the  tension  of  the  armature  spring  at  the  back 
or  by  changing  the  amplitude  of  vibration  of  the  armature  by  moving  the 
cone  by  means  of  the  screw  T. 

e.  Electric  fork.  The  fork  used  in  this  exercise  is  arranged  to  vibrate 
just  as  that  in  Ex.  IX.  The  wires  from  a  battery  in  iA  are  brought 
to  the  two  binding-posts  as  before.  The  fork  is  not  attached  to  the  drum, 
but  is  placed  on  the  table. 

f.  Pfeil  marker.  The  Pfeil  marker  is  placed  on  the  adjustable  sup- 
port by  means  of  its  clamp  in  such  a  way  that  its  point  is  downward 
and  close  to  the  other  marker.  The  battery  wire  is  removed  from  one 
post  of  the  fork  and  is  placed  in  one  of  the  posts  of  the  marker.  A  wire 
is  then  run  from  the  other  post  to  the  fork.  Whenever  the  current  passes, 
the  coils  of  the  marker  become  magnetic  and  attract  the  armature  D  ; 
when  the  current  is  interrupted,  the  armature  is  released.  As  the  cur- 
rent is  made  and  broken  ioo  times  per  second  by  the  fork,  the  armature 
vibrates  ioo  times  per  second.  The  vibration  is  transmitted  to  the  re- 
cording point  by  a  connecting  bar.  The  extent  of  the  vibration  is  regu- 
lated by  a  screw  />',  which  adjusts  the  distance  of  the  magnets  from  the 
armature.      The  finer  adjustment  of  the  point  against  the  drum  is  accom- 


1  The  lettering  is  on  the  apparatus;  the  principle  of  the  automatic  break  is  similar  to 
that  shown  in  Fig.  17. 

lig.  10 ;   for  this  exercise-  the  clamp  M  is  made  of  hard  rubber. 
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plished  by  a  screw  G  at  the  back.  The  marker  is  first  adjusted  so  that  its 
point  is  just  above  the  point  of  the  Deprez  marker,  and  then  the  exact 
amount  of  pressure  against  the  drum  is  attained  by  G.  As  the  drum  is 
turned,  a  time  line  is  drawn  whose  waves  each  indicate  1/100  of  a 
second. 

Experiments. 

A.  Finding  the  latent  time  of  the  Deprez  marker.  The  current  is 
brought  to  one  post  of  the  automatic  break,  then  from  the  other  post  to 
the  Deprez  marker  and  from  the  marker  back  to  the  battery.  The  drum 
is  slowly  rotated  till  the  arm  C  opens  the  break  and  makes  a  check  with 
the  marker.  If  this  is  carefully  done,  the  check  marks  the  exact  spot  at 
which  the  break  occurs.  The  carriage  is  then  run  down  and  back  in  order 
to  draw  the  zero  line,  or  the  line  at  which  the  break  occurs. 

With  the  Pfeil  marker  in  vibration  the  drum  is  now  set  in  rapid  rota- 
tion. The  carriage  is  then  moved  downward  with  sufficient  rapidity  to 
keep  the  records  separate.  The  result  is  a  series  of  records,  each  consist- 
ing of  a  time-line  and  the  line  drawn  by  the  Deprez  marker.  The  paper 
is  removed  and  varnished.  The  distance  from  the  zero-line  to  the  check 
in  the  marker-line  gives,  in  terms  of  space,  the  latent  time  of  the  marker 
at  the  break  ;  this  distance  is  turned  into  time  by  comparison  with  the 
time-line.  The  time  is  read  in  ioooths  of  a  second.  Five  records  are 
computed  to  find  the  average  and  the  probable  error. 

B.  Adjusting  the  reaction  experiment.  A  new  piece  of  paper  is  placed 
on  the  drum  and  smoked  all  around.  The  Pfeil  marker  is  adjusted  as 
before.      The  zero-line  is  made  as  before. 

The  1 A  circuit  through  the  automatic  break  is  taken  from  the  marker 
and  run  through  a  telephone  instead  ;  a  click  is  thus  produced  in  the  tele- 
phone whenever  the  arm  C  strikes  the  point  G.  A  switch  for  turning 
off  the  current  is  inserted  in  the  circuit. 

Another  iA  current  is  run  through  the  Deprez  marker  and  then 
through  the  reaction  key.  This  key  comprises  two  steel  rods  on  which 
run  two  rubber  slides.1  The  adjustable  slide  A  is  fastened  at  any  desired 
place  by  the  nut  B  ;  the  excursion  of  the  movable  slide  M  can  thus  be 
regulated.  For  the  present  experiment  the  excursion  should  be  about  3  mm. 
The  index  finger  is  placed  in  the  hole  of  M,  the  thumb  is  placed  in  the 
hole  of  A  and  the  key  is  steadied  by  the  third  finger.  The  battery  wires 
are  brought  to  the  post  of  M  and  the  post  7"at  the  top.  When  the  finger 
is  extended,  the  circuit  is  closed  ;  as  soon  as  it  is  moved,  the  circuit  is 
broken  and  the  Deprez  marker  moves. 

1  See  Stud.  Vale  Psych.  Lab.,  1893  I,  Fig.  30.     The  lettering  is  on  the  apparatus. 
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rhe  subject  is  comfortabl]  seated  with  the  reaction  key  in  his  hand  ;  he 
must  be  so  plated  that  he  sees  nothing  of  the  experimenter's  movements. 

( '  Performing  the  experiment.  The  subject  is  called  to  attention  by 
telephone  clicks  produced  by  tapping  the  automatic  break.  The  switch 
is  then  opened. 

The  drum  is  set  in  rotation  ;  the  switch  is  closed  during  one  revo- 
lution, while  t lie  carriage  is  lowered.  The  telephone  click  is  heard  by  the 
subject  and  the  reaction  is  recorded  by  the  marker.  After  a  few  turns  of 
the  drum  the  switch  is  again  closed,  while  the  carriage  is  lowered  as  before. 
As  manv  records  as  possible  are  obtained  on  the  drum.  The  paper  is 
removed  and  varnished. 

D.  Computing  the  results.  The  average  and  the  probable  error 
are  found  for  the  reaction  experiments.  Since  the  latent  time  of  the 
marker  is  included  in  the  recorded  time,  its  amount  must  be  subtracted 
in  order  to  find  the  reaction-time. 

Specimen  record} 

Marker. 
m  v  in 

2  O  I74 

2  O  124 

2  O  I56 

2  O  I30 

2  O  l66 

I4I 

154 


Reaction. 

V 

V* 

24.7 

610.09 

25-3 

640. 09 

6-7 

44.89 

19-3 

372.49 

16.7 

278.89 

8-3 

68.89 

4-7 

22.09 

6)2037.53 

7 ) 1045 

M9-3  lo)339-59 

33-9" 
^33-96  =  5-8 
^X5-8  =  3-9 
Latent  time  of  marker,  a—2<r,  r  =  o;  Reaction-time,  a  =  149^  —  2<r=i47<r,   r=3.9 


Marker. 

Latent  Average 

time,  variation. 

A       \  o 

B       1  o 

Do  o 

£3  o 

F      3  o 

G      3  o 

Mo  o 

No  o 

O       1  o 

P       1  o 

Q       2  o 

R       2  o 

Average  :       2  o 

The  different  latent  times  for  the  marker  are  due  to  different  adjustments  of  the  spring. 


le  followi 

ng  table  : 

Suliji 

2Ct. 

Reaction 

Average 

time. 

variation. 

116 

6 

146 

16 

168 

24 

125 

15 

143 

12 

170 

27 

167 

14 

152 

14 

164 

31 

122 

18 

107 

20 

100 

61 

137 

21 
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Points  to  be  noted. 

1.  The  determination  of  the  reaction-time  of  the  subject  was  closely 
analogous  to  that  of  the  latent  time  of  the  marker  •  it  would  be  quite 
justifiable  to  speak  of  the  "  reaction-time  of  the  marker"  or  the  "  latent 
time  of  the  subject."  2.  Since  the  probable  error  of  the  marker  was 
o,  the  probable  error  for  the  reaction  records  must  be  a  personal 
quantity  of  the  subject. 

Questions. 

1.  How  would  you  proceed  to  determine  the  latent  time  for  a  spark 
coil?  2.  What  mental  element  that  was  measured  in  Ex.  IX  is  present  in 
the  subject's  reaction? 

Exercise  XL — Regulated  rhythmic  action.. 

( Needed  :  recording  drum,  motor,  100  v.  d.  fork,  fork  support,  automatic  make, 
sounder,  break  key,  spark  coil,  condenser,  smoking  and  varnishing  arrangements,  bat- 
teries of  I  A,  2  and  3A,  and  4  A. 

Apparatus. 

The  automatic  contact  (Fig.  17)  is  attached  to  one  of  the  posts  of  the 
drum  by  the  screw  E  through  the  rubber  block  V.  A  projecting  pin  in 
the  drum  strikes  the  spring  arm  B  and  depresses  it  slightly  for  an  instant. 


Fig.  17. 


The  current  is  brought  to  the  post  A  and  passes  through  the  arm  B 
to  the  platinum  disc  at  G.  Every  time  the  pin  on  the  drum  strikes  B 
contact  is  made  by  G  against  /and  the  circuit  is  closed.  F  is  a  screw 
with  a  rubber  point  against  which  B  may  rest.  The  automatic  make  may 
be  turned  into  an  automatic  break  by  interchanging  /and  F. 

To  adjust  the  position  of  the  automatic  contact  apparatus  the  screw  E 
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is  loosened  ;  it  is  also  so  arranged  that  it  can  be  swung  entirely  out  of 
the  way  when  not  needed. 

The  remaining  apparatus  is  the  same  as  that  used  in  Ex.  VI. 

The  2A  current  is  sent  through  the  automatic  make  and  the  sounder1 
in  series 

The  fork  is  arranged  to  write  on  the  drum  and  to  be  kept  vibrating  as 
in  Ex.  VI. 

Tlie  \.\  current  is  sent  through  the  break  current  of  the  key  in  the  way 
explained  in  Ex.   VI. 

1  he  motor  is  arranged  to  run  the  drum  by  a  belt  connecting  the  two 
pulleys.  The  exact  rate  of  speed  described  is  obtained  by  varying  the 
amount  of  current  sent  through  the  motor. 

E  Kperiments. 

.7.  The  current  through  the  motor  is  adjusted  so  that  the  drum  re- 
volves once  a  second.  This  is  tested  by  comparing  the  clicks  during  a 
number  of  seconds  with  the  indicated  seconds  of  a  watch.  Then  the 
subject,  seated  near  the  sounder  and  away  from  the  drum,  taps  on  the  key 
knob  in  time  with  the  clicks.      A  record  is  taken  during  about  15s. 

.  B.   The  drum  is  adjusted  to  revolve  twice  a  second,  and  another  record 
is  made. 

C.  The  drum  is  adjusted  to  revolve  three  times  a  second,  and  a  record 
is  made. 

With  a  full-width  paper  on  the  drum  all  the  experiments  can  be  ob- 
tained on  one  sheet. 

D.  The  zero-line  is  found  as  in  Ex.  VII. 

E.  Varnish  and  dry  the  paper. 

F.  Read  ten  successive  results  to  the  1/1000  sec.  in  each  record  ;  dis- 
tances to  the  left  of  the  zero-line  are  — ,  to  the  right  -f . 

G.  Compute  the  constant  errors  (the  latent  time  of  the  sounder  is 
subtracted)  and  the  probable  errors  (see  Ex.  III). 


■The  sounder  has  an  electric  contact  arranged  to  close  a  circuit  at  the  moment  it  strikes 
(a  telegraph  relay  may  he  used).  Its  latent  time  for  a  current  of  2  amperes  can  be  de- 
termined and  marked  on  it.  A  convenient  way  of  determining  the  latent  time  is  to  con- 
nect the  contact  of  the  sounder  with  the  wires  from  C  of  the  battery  in  Fig.  7,  while 
the  wires  from  G  are  connected  to  the  primary  poles  of  the  spark  coil.  The  condenser 
is  also  attached  to  the  primary  poles.  As  the  contact  points  of  the  sounder  strike,  the 
current  which  passes  through  />',  ("/and  the  coil,  i^  short  circuited;  this  is  practically 
equivalent  to  its  being  interrupted  :   a  -park  record  is  therefore  made  as  usual. 
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Specimen  > 

'ecord. : 

Speed 

A 

Speed  2. 

Speed  j. 

111 

V 

V2 

in 

V 

t* 

m 

f 

V2 

+  51 

6.0 

36.OO 

—  IO 

7.6 

57-76 

—  5 

10.89 

+  39 

6.0 

36. 

—    7 

9-4 

88.36 

2 

0.3 

0.09 

+  40 

5° 

25- 

+    6 

3-6 

12.96 

i-3 

1.69 

+  47 

2.0 

4- 

+  15 

12.6 

158.76 

+  1 

2.7 

7.29 

+  41 

4.0 

16. 

—  12 

14.4 

207.36 

—  3 

i-3 

1.69 

+  53 

8.0 

64. 

+    3 

0.6 

0.36 

—  4 

2-3 

5- 29 

-5o 

5-0 

25- 

—    1 

3-4 

11.56 

—  5 

3-3 

10.89 
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Points  to  be  noted. 

1.  There  is  a  continual  estimate  of  the  time  interval  and  an  anticipa- 
tory reaction  ;  this  estimate  is  corrected  every  time  by  occurrence  of 
the  sound.  2.  The  signs  of  +  or  —  for  the  constant  errors  and  the 
largeness  or  smallness  of  the  probable  errors  are  quite  different  for  dif- 
ferent subjects.  L'     3.  One  of  the  speeds  is  specially  favorable  to  regularity. 

1  The  following  table  gives  the  results  for  13  students  in  1896  : 

Speed   1.  Speed  2.  Speed  3. 

Constant  Average    Probable  Constant  Average    Prob.    Constant  Average   Prob. 
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2  See  New  Psychology,  182. 
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Questions. 

i.  How  should  these  experiments  have  been  performed  in  order  to 
eliminate  practice  and  fatigue?  (See  Ex.  III.  etc. )  2.  A  comparison 
of  the  results  with  each  other  and  with  those  of  other  individuals  would 
be  likely  to  give  some  information  of  a  person's  mental  constitution  in 
regard  to  promptness  and  reliability  of  response  :  what  conclusions  do 
you  draw  from  your  ret  ord  ? 

Exercise    XII. — Simple  and  complex  reaction-time. 

(Needed  :  recording  drum,  ioo  v.  d.  fork,  fork  support,  multiple  key,  2  condensers, 
reaction  key,  telephone,  resistance  box.  switch,  telegraph  key.  >ounder,  3  batteries  of  iA. 
one  batteix  of  .\\. ) 

Apparatus. 

a.  Recording  drum,  spark  coil,  condenser,  fork,  fork  support,  reaction 
key.      See  Exercises  IX,  X  and  XI. 

b.  Multiple  key.1  This  is  a  key  having  two  levers,  the  upper  one  sup- 
ported on  a  rod  with  center-bearings  and  the  lower  one  on  the  rod  as  an 
axle.  They  are  carefully  adjusted  so  that  both  rotate  around  the  same  axial 
line.  The  upper  lever  is  held  down  at  the  back  by  an  adjustable  spring ; 
the  position  and  the  extent  of  its  movement  are  regulated  by  two  adjust- 
ing screws  that  strike  short  upright  rods.  In  front  of  the  axis  there  are 
two  contact  screws  on  the  upper  lever.  Opposite  to  them  there  are  two 
platinum  points  on  the  lower  lever.  Either  one  of  the  upper  screws  can 
be  made  to  strike  the  opposite  point  on  the  lower  lever.  If  a  circuit  is 
brought  to  a  contact  screw  and  its  opposite  point,  it  will  be  closed  when- 
ever the  upper  lever  is  pressed  downward.  The  current  from  a  iA  bat- 
tery is  brought  to  the  two  binding-posts  connected  with  such  a  pair  of 
contacts,  and  the  closing  of  the  circuit  is  observed. 

At  the  back  of  the  lower  lever  there  are  two  contact  screws  opposite  the 
contact  points  in  the  base.  The  rearmost  of  these  screws  is  turned  some- 
what more  than  the  other  one  ;  it  will  then  rest  on  its  contact  point  owing 
to  the  pressure  of  a  spring  in  front.  The  4A  current  is  sent  through  the 
contact.  Whenever  the  knob  of  the  key  is  pressed  so  that  the  front  con- 
tact is  made,  the  rear  contact  is  broken.  Thus  the  4A  circuit  is  broken 
at  the  moment  the  iA  circuit  is  made. 

The  spark  coil  is  placed  in  the  4A  circuit  and  the  condenser  is  arranged 
around  the  break,  as  in  Ex.  IX.  Observe  that  each  pressure  on  the  knob 
makes  a  spark  on  the  drum. 

ee  above    p.  81. 
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Insert  the  telephone  in  the  iA  circuit.  Observe,  that  a  spark  is  made 
whenever  the  telephone  clicks. 

Insert  the  reaction  key  with  a  condenser  in  the  4A  circuit.  Observe 
that  a  spark  is  made  whenever  the  reaction  occurs. 

Observe  that  after  the  4A  circuit  is  broken  by  the  multiple  key  no 
spark  is  made  by  the  reaction  key.  This  circuit  must,  therefore,  be 
closed  again  after  the  break  by  the  multiple  key.  At  the  front  of  the 
lower  lever  there  is  an  adjustable  contact  point  which  dips  into  a  cup  of 
mercury  covered  by  water.  Connect  the  framework  of  the  key  to  one  of 
the  posts  for  the  back  contact  and  the  mercury  cup  to  the  other  one. 
Adjust  the  contact  point  so  that  it  is  just  above  the  surface  of  the  mercury. 
Observe  that  as  the  key  is  depressed  the  4A  circuit  is  broken  and  then 
immediately  closed  again,  so  that  it  is  ready  for  a  break  by  the  reaction 
key. 

There  are  thus  two  sparks  made  ;  one  at  the  moment  of  the  telephone 
click  and  another  at  the  moment  of  reaction.  By  laying  wires  from  the 
secondary  poles  of  the  coil  to  the  fork  and  the  drum,  as  in  Ex.  IX,  a 
record  of  the  time  between  these  two  sparks  is  obtained. 

c.  Telephone,  resistance  and  switch.  The  telephone  has  already  been 
inserted  in  the  iA  circuit  ;  a  shunt  switch  is  now  inserted  in  the  same 
circuit.  The  wires  are  brought  to  the  two  binding  posts  ;  when  the 
switch  is  closed  the  current  can  pass  through  the  telephone,  but  when 
it  is  open  the  current  cannot  pass.  A  resistance  box  (or  a  length  of 
resistance  wire)  is  connected  around  the  switch,  i.  e.,  its  two  poles  are 
connected  to  the  two  posts  of  the  switch.  When  the  switch  is  now 
opened,  the  current  can  pass  by  way  of  the  resistance,  which  is  adjusted 
so  that  the  sound  from  the  telephone  is  weakened.  When  the  switch  is 
closed  the  current  can  pass  in  practically  full  strength  through  the  tele- 
phone and  produce  a  loud  sound. 

d.  Sounder  and  key.  An  independent  circuit  is  made  to  pass  through 
a  telephone  sounder  and  a  telegraph  key  ;  a  pressure  on  the  key  produces 
a  click  of  the  sounder. 

e.  Arrangement.  The  multiple  key  is  placed  beside  the  drum  so  that 
the  right  hand  can  manipulate  it  readily  while  the  left  hand  turns  the 
handle  of  the  marker-support  on  the  drum.  The  telegraph  key  is  placed 
beside  the  multiple  key.     The  switch  is  placed  just  beyond. 

Long  wires  are  now  inserted  in  the  recording  circuit  (multiple  key 
and  reaction  key),  in  the  stimulus  circuit  (multiple  key  and  telephone) 
and  in  the  warning  circuit  (telegraph  key  and  sounder)  so  that  the 
reaction  key,  telephone  and  sounder  may  be  taken  to  a  distant  part  of  the 
room  (or  another  room). 
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Experiments. 

.1.  Reaction  with  continuous  expectation.  The  experimenter  sets  the 
drum  in  rotation  and  then  taps  a  few  times  on  the  telegraph  key.  The 
switch  is  left  closed.  The  subject  holds  the  telephone  to  the  ear  and 
takes  the  reaction  key  in  the  hand  as  in  1a.  X.  lie  is  to  be  constantly 
attentive  and  to  react  whenever  the  telephone  clicks.  The  experimenter 
begins  to  move  the  marker  carriage  slowly  and  continues  to  do  so  while 
he  presses  the  multiple  key.  Two  sparks  will  be  seen,  one  from  the 
multiple  key  and  one  from  the  reaction  key ;  the  multiple  key  is  then 
released  and  the  movement  of  the  carriage  stopped.  The  experiment  is 
repeated  for  about  10  times  at  intervals  of  about  15s. 

B.  Reaction  with  specialized  expectation.  The  experimenter  pro- 
ceeds as  before,  except  by  giving  a  warning  signal  on  each  occasion  about 
: r_- '  before  the  stimulus  is  produced.  This  he  doos  by  tapping  the  tele- 
graph key  before  pressing  the  multiple  key.  The  subject  is  not  to  ex- 
pect the  telephone  sound  except  when  warned  by  the  sounder.  Ten  ex- 
periments, as  before. 

C.  Reaction  with  discrimination  and  choice.  The  subject  is  to  react  to 
the  weaker  sound  and  not  to  the  louder  one.  The  experimenter  pro- 
duces them  in  irregular  order  by  manipulating  the  switch  before  each 
experiment.     The  procedure  is  as  in  C.     Ten  experiments. 

Computation. 

The  record  sheet  is  removed  from  the  drum  and  varnished  as  in  Ex. 
VII.  The  latent  time  of  the  sounder  (known  from  Ex.  XI)  is  allowed 
for  as  each  recorded  is  counted.  The  averages  and  probable  errors 
are  calculated.  Denote  the  averages  by  a,  b  and  c,  and  the  prob- 
able errors  by  ra,  r}  and  r .  Find  p  =  b  —  a,  a  =  c  —  b,  s  =  rh  —  rg, 
and  t  =  rr  —  rh.  The  quantity^  gives  the  lengthening  (-f)  or  shorten- 
ing ( — )  in  the  reaction-time  due  to  the  specializing  of  expectation  ;  s 
gives  the  increase  (  +  )  or  decrease  ( — )  in  irregularity  for  the  same 
cause  ;  q  gives  the  lengthening  due  to  the  introduction  of  additional 
mental  processes  ;  and  t  gives  the  increase  in  irregularity  for  the  same 
cause. 

Points  to  be  noted. 

1.  To  eliminate  progressive  and  other  errors  the  phenomena  A,  B  and 
C  should  be  investigated  in  pairs  ;  thus  cm  one  occasion  A  and  B  should 
be  investigated,  and  B  and  C  on  another.  2.  More  mental  labor  is  re- 
quired of  the  subject  in  A. 
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Questions. 

1.  In  determining  the  difference  between  A  and  B,  how  would  you 
proceed  in  order  to  avoid  progressive  errors?  2.  In  determining  the  dif- 
ference between  B  and  C,  on  what  system  would  you  arrange  the  experi- 
ments in  order  to  equalize  differences  that  might  arise  from  employing 
two  intensities  of  sound? 


Exercise  XIII. — Time  estimates. 

(Needed  :  kymograph,  contact  attachment,  2  MEUMANN  contacts,  250  v.  d.  fork, 
fork  box,  10  v.  d.  fork,  Marey  recording  tambour,  induction  coil,  telephone,  key,  spark 
coil,  condenser,  plain  recording  point,  iA  battery,  4A  battery,  smoking  and  varnishing 
arrangements,  cross-section  paper. ) 

Apparatus. 

a.  Kymograph.     As  in  Ex.  VIII. 

b.  Contact  attachment}  The  support  is  screwed  to  the  base  of  the 
kymogragh.  The  projecting  gear  wheel  is  adjusted  to  fit  to  the  gear 
wheel  that  has  been  placed  on  the  axle  of  the  kymograph.  As  the  kymo- 
graph moves,  the  arm  on  the  contact  attachment  passes  over  the  graduated 
circle. 

c.  Meumann  contact?  A  metallic  star  with  six:  arms  is  held  to  a  rub- 
ber block  by  a  screw  in  the  center.  At  each  rotation  of  the  projecting 
arm  it  strikes  an  arm  of  the  star  and  rotates  it  by  ]i  of  a  revolution. 
Three  of  the  arms  bear  small  screws  which  touch  two  metallic  points 
sunk  in  the  rubber  block.  The  rubber  block  is  fixed  to  the  circle  of  the 
contact  attachment  by  the  projecting  screw. 

Let  the  circuit  from  the  iA  battery  be  sent  through  the  back  binding- 
post  and  the  left-hand  side  post  of  a  contact.  The  circuit  is  completed 
every  time  an  arm  bearing  a  screw  passes  over  the  sunken  contact,  and  is 
broken  every  time  the  screw  arm  is  moved  off.  Consequently  the  central 
arm  alternately  closes  and  opens  the  circuit  as  it  passes  this  block.  If  a 
current  producing  a  tone  were  sent  through  this  contact,  the  tone  would  al- 
ternately be  turned  on  and  off.  A  red  mark  on  the  block  opposite  the 
graduated  circle  serves  to  indicate  when  the  circuit  is  closed. 

The  second  contact  is  connected  in  series  with  the  first  one.  The  two 
side  posts  of  this  contact  are  connected  together  :  the  circuit  is  broken 
when  the  arm  of  the  star  moves,  but  is  immediately  closed  again  by  a 

JFig.  236  in  W'uxdt,  Physiol.  Psychol.,  II  424,  Leipzig,  1893. 

1  Fig.  5  in  MEUMANN,  Beitrdge  zur  Psychologie  des  Zeitbewusstseins,  Philos.  Stud., 
1896  XII  147. 
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contact  point  reaching  the  second  sunken  contact.      A  white  mark  on  the 
block  indicates  when  the  circuit  is  broken. 

Consequently  :  i.  the  current  passes  through  the  second  block  only 
when  it  passes  through  tin-  first  one,  i.  e.,  at  alternate  revolutions  of  the 
central  arm  ;  2.  the  current,  when  passing,  is  broken  for  a  brief  instant 
at  the  second  block. 

d.  2jo  <-.  d.  fork.  Same  as  100  v.  d.  fork  of  Ex.  IX,  except  in  the 
rate  of  vibration,  which  is  250  times  a  second. 

e.  Fork  box.  This  is  a  box  padded  with  felt.  Wires  from  the  inside 
are  brought  to  binding  posts  on  the  outside.  The  fork  is  put  in  the  box 
and  connected  to  the  wires. 

f.  10  v.  </.  fork.  This  fork,  vibrating  10  times  a  second,  is  hung  from 
a  strong  support.  One  prong  carries  a  sliding  collar  connected  by  a  small 
link  to  the  metal  disc  on  the  top  of  a  tambour.  As  the  fork  vibrates,  the 
movement  is  mechanically  transmitted  to  the  air  of  the  tambour.  The 
amplitude  of  the  movement  of  the  top  of  the  tambour  is  regulated  by  mov- 
ing the  collar  along  the  prong.  The  tension  of  the  rubber  top  is  adjusted 
by  means  of  the  jamb  nuts  that  clamp  the  tambour  to  the  support. 

g.  Marey  recording  tambour.      As  in  Ex.  VIII. 
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h.  Induction  coil.  This  consists  of  a  short  primary  circuit  of  coarse 
wire  (red)  and  a  longer  coil  of  thinner  wire  (green).  The  two  coils  are 
not  connected ;  the  secondary  one  is  loose  and  can  be  placed  anywhere. 

t.   Key.     The  key  of  Ex.  IX  is  used  ;  only  the  rear  (or  break)  con- 
tact is  employed.     The  condenser  is  connected  to  the  key  around  the 
break. 
/.   Spark  coil.      As  in  Ex.  IX. 

k.  Plain  recording  point.  A  brass  arm  terminated  by  a  flexible  steel 
point  of  pendulum  wire  is  attached  to  a  small  rubber  block  by  a  thumb 
screw  (Fig.  18;.  The  opening  through  which  the  screw  passes  is  elon- 
gated to  allow  adjustment  of  the  point  lengthwise.  During  the  ex- 
periment the  point  is  adjusted  to  lightly  touch  the  surface  of  the  drum. 
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/.   Smoking  and  varnishing.     As  in  Ex.  VII. 

m.  Timing  the  drum.  The  Marey  tambour  is  adjusted  so  as  to  write  on 
the  drum.  The  tube  is  connected  with  the  tambour  of  the  10  v.  d.  fork. 
A  blow  is  struck  on  one  prong  of  the  fork  and  the  tambour-point  vibrates 
10  times  a  second.  As  the  drum  revolves,  the  time  line  is  drawn  on  it. 
Adjust  the  drum  to  revolve  once  in  9  seconds.  l 

11.  Adjustment  of  the  tone.  Bring  one  of  the  wires  from  the  iA  battery 
to  the  fork  by  way  of  the  fork  box  und  from  the  fork  through  the  primary 
circuit  of  the  induction  coil  back  to  the  battery.  Connect  the  ends  of  the 
secondary  coil  to  the  telephone  and  lay  the  coil  beside  the  primary  one. 
A  tone  is  heard  in  the  telephone  when  the  fork  is  set  vibrating. 

Break  into  the  telephone  circuit  and  by  extra  wires  insert  the  star  con- 
tacts (which  have  already  been  connected  together  as  described  under  c). 
When  the  kymograph  is  running,  a  tone  will  be  turned  on  and  then  inter- 
rupted for  an  instant ;  this  occurs  at  alternate  revolutions. 

o .  Adjusting  the  spark  record.  The  current  from  the  4A  battery  is  run 
through  the  break  key  and  through  the  primary  circuit  of  the  spark  coil. 
The  condenser  must  be  connected  around  the  break.  The  simple  record- 
ing point  is  connected  to  one  of  the  secondary  poles,  the  drum  to  the 
other.  Whenever  the  key  is  tapped,  a  spark  flies  from  the  point  to  the 
drum. 

p.  Drawing  the  zero-lines.  Place  the  first  contact  with  its  red  mark  at 
o°.  Loosen  the  back  screw  B  (see  Fig.  17)  of  the  kymograph.  Turn 
the  drum  slowly  till  the  tone  is  first  heard.  Draw  a  zero-line  by  low- 
ering the  drum  axially  by  the  handle  H.  This  line  indicates  the  moment 
at  which  the  tone  begins.  With  the  second  contact  at  400  turn  the 
drum  further  until  the  tone  has  been  interrupted  and  just  begun  again  ; 
draw  another  zero-line,  which  indicates  the  moment  at  which  the  second 
tone  begins.  Place  the  second  contact  at  8o°  and  then  at  1200  and  draw 
zero-lines  as  before. 

Experiments. 

A.  Measuring  the  time  estimate  for  a  tone  of  one  second.  Place  the 
contacts  so  that  the  red  and  white  indicating  points  are  400  apart.  This 
will  give  a  tone  lasting  one  second,  then  a  moment's  interruption  (  yi  of 
a  sec.)  and  thereafter  another  tone. 

The  subject  is  seated  with  eyes  closed.  The  kymograph  is  set  in 
motion.  The  tone  begins,  is  interrupted  for  an  instant  and  is  begun 
again.     When    the   subject    thinks   that   it  has  lasted  as  long  after  the 

1  If  desired,  the  drum  may  be  timed  by  a  watch,  by  the  method  used  in  Ex.  VIII.  or 
by  an  electric  fork. 
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interruption  as  it  did  before,  he  presses  the  key.  After  a  few  prelimi- 
nary experiments  for  the  sake  of  practice,  the  experimenter  lowers  the 
drum  slightly  (by  the  small  handle  at  the  top)  after  each  experiment. 
Six  records  are  taken. 

/>'.  Measuring  the  time  estimate  for  two  seconds.  The  contacts  are 
placed  at  8o°  apart  and  the  experiments  are  repeated.     Six  records. 

C.  Measuring  the  time  estimate  for  three  seconds.  The  contacts  are 
placed  i2o°  apart.     Six  records. 

D.  Measuring  the.  time  estimate  for  four  seconds.  The  contacts  are 
placed  1600  apart.     Six  records. 

C  Computation. 

Cut  off  a  piece  of  the  time-line.  Use  it  as  a  scale,  reading  the  ioths 
of  a  second  and  estimating  the  iooths.  The  records  for  i  second  are 
placed  in  the  first  column,  those  for  2  seconds  in  the  fourth  column,  etc. 
The  average  is  found  for  each  column.  The  probable  errors  are  also 
computed. 

Let  the  standard  interval  be  indicated  by  T  and  the  interval  as  esti- 
mated by  t.  Find  the  constant  error  c  =  /  —  T  for  each  value  of  T. 
Thus  for  T=  1  sec.  and  /  =  85,  c  =  85  —  100  =  —  15. 

In  this  way  two  series  of  values,  the  constant  error  c  and  the  probable 
error  r,  are  obtained  for  the  series  of  values  used  for  Tl.  Put  c  = 
f(T)  and  r=  F  (T),  as  explained  in  Ex.  III.  Plot  the  curves  for 
these  functions  as  explained  in  Ex.  I.  and  II. 

Points  to  be  noted. 


1.   Note  the   tendency 

to   un 

derestimate 

long   intervals  of  time. 

Ex- 

tremely 

short  intervals  are  overestimated. 

2.   The   reaction-time 

is  not 

1  Results  for 

9  students  in  1896  are 

given  in 

the  following  table. 

In  this 

case  the  time 

was  measured  from  the  beginning  of  the  first  tone  to  the  beginning 

of  the  second. 

1  Sec. 

2  Sec 

3  Sec. 

4 

Sec. 

Const. 

Aver. 

Prob. 

Const. 

Aver. 

Prob. 

Const. 

Aver.  Prob. 

Const. 

Aver. 

Prob. 

error. 

var. 

error. 

error. 

var. 

error. 

eiTor. 

var.    error. 

error. 

var. 

error. 

C    +17 

13 

3-r< 

4-69 

8 

2.2 

+  81 

20      5.6 

+  84 

26 

7-3 

G    +21 

13 

3-6 

—28 

20 

5.6 

—73 

12      3-4 

— 109 

15 

4-2 

/    -23 

10 

2.8 

— 22 

36 

10. 1 

—57 

50    14.0 

—  86 

40 

11. 2 

K  +  1 

9 

2-5 

—52 

9 

2-5 

—70 

20      5.6 

—  49 

18 

5-o 

0    —66 

4 

1.1 

—88 

10 

2.8 

—28 

22      6.2 

—  50 

28 

7.8 

J'    -23 

8 

2.2 

+4i 

27 

7.6 

-63 

21      5-9 

—135 

42 

11. 8 

R    —  7 

11 

3-i 

-f-27 

15 

4.2 

+  3 

12      3.4 

—    7 

18 

5.o 

S    +25 

14 

3-9 

+  11 

28 

7.8 

-87 

8      2.2 

—149 

18 

5-o 

7    -i3 

12 

3-4 

—92 

21 

5-9 

+35 

62    17.4 

— 104 

37 

10.4 
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to  be  subtracted   from  the  second  interval,    because  the  subject  involun- 
tarily times  his  movement  to   occur  at  the  point   desired :  see  Ex.  XI. 

Questions. 
1.  These  experiments  are  frequently  referred  to  as  being  on  the 
"  time-sense"  or  "  time-consciousness."  How  would  you  define  such  a 
term  scientifically?  Compare  Ex.  IV  (Point  2).  2.  What  mental 
characteristics  would  be  indicated  by  a  large  negative  constant  error  and 
a  large  probable  error  ? 

Exercise  XIV — Complex  reaction-time. 

(Needed:  pendulum  chronoscope.1) 

Apparatus. 

An  accurately  adjusted  double-bob  pendulum  is  held  by  a  catch  at  the 
right-hand  side.  The  light  pointer  is  caught  on  the  projecting  arm  of 
the  pendulum. 

The  chronoscope  is  first  leveled  by  placing  a  spirit  level  on  the  base  in 
a  line  parallel  to  the  front ;  the  screws  of  the  two  fore-legs  are  turned  till 
the  bubble  of  the  level  is  in  the  middle.  The  level  is  then  turned  at 
right  angles,  and  the  screw  of  the  rear  leg  is  turned. 

The  large  milled  head  in  front  is  turned  clockwise  as  far  as  it  will  go, 
thereby  closing  the  shutter  and  setting  the  reaction  button  at  the  back. 

When  the  experimenter  presses  the  release  at  the  right,  the  pendulum 
swings  forward,  releasing  the  shutter  by  striking  a  pin  opposite  the  place 
where  the  pointer  indicates  zero.  When  the  subject  presses  the  reaction 
button,  a  horizontal  bar  behind  the  pointer  clamps  it  to  the  scale.  The 
graduation  on  the  scale  gives  the  time  between  the  fall  of  the  shutter  and 
the  pressing  of  the  button.  This  scale  is  established  by  direct  compari- 
son with  fork  records  on  the  drum  in  a  manner  similar  to  methods  em- 
ployed in  Ex.  VII.  The  figures  on  the  scale  indicate  iooths  of  a 
second  ;  in  this  exercise  the  readings  are  to  be  in  iooths,  not  ioooths. 

In  executing  an  experiment  the  pendulum  is  placed  at  the  right,  the 
pointer  is  carefully  caught  on  it,  and  the  milled  head  is  turned.  Red 
and  white  slips  are  inserted  alternately  in  the  vertical  exposure  wheel. 
The  subject  is  comfortably  seated  with  his  finger  on  the  reaction  button  ; 
he  is  to  press  the  button  as  soon  as  the  shutter  drops.  The  pendulum  is 
released  and  the  experiment  is  made  ;  this  is  repeated  until  familiarity 
with  apparatus  and  method  is  attained.  The  experimenter  says  "Now" 
about  two  seconds  before  each  experiment. 

'See  Stud.  Yale  Psych.  Lab.,  1895,  III  98,  and  New  Psychology,  Ch.  IX. 
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The  individual  experiments  should  be  separated  by  about  10  seconds  ; 
the  groups  b)  at  least  30  seconds.  When  a  group  is  begun,  three  or 
four  experiments  should  be  first  taken  without  making  any  record  of  them. 
The  subject  must  not  know  his  results. 

Experiments. 

A.  Simple  reaction.  The  exposure  wheel  is  turned  so  that  a  red  slip  is 
behind  the  shutter.  The  subject  knows  the  color  to  be  shown  ;  he  is  to 
press  the  button  just  as  soon  he  sees  it.  Five  records  are  taken  ;  the 
results  are  placed  in  the  column  my 

B.  Reaction  with  discrimination.  The  subject  is  to  react  every  time 
as  before,  but  is  to  see  the  color  distinctly  before  reacting.  The  experi- 
menter at  each  experiment  gives  the  exposure  wheel  a  twirl,  letting  it 
stop  on  whichever  notch  it  happens  to  strike.  If  it  stops  between  two 
colors  it  is  turned  to  the  next  notch.  The  presentation  of  the  colors  is- 
thus  a  matter  of  chance.      Five  records  are  made  ;  column  mr 

C.  Reaction  with  discrimination  and  choice.  The  subject  is  to  react 
only  to  red ;  for  white  he  is  to  remain  still.  The  wheel  is  twirled  as 
before.  Five  records  are  made.  An  account  is  also  kept  of  the  num- 
ber of  mistakes  ;  column  w3. 

D.  Same  as  C,  but  with  reaction  to  white  and  rest  to  red  column  ;//3. 

E.  Same  as  B  ;  column  mr 

E.  Same  as  A,  but  with  white  instead  of  red  ;  column  mv 
The  simple  reaction  time  is  composed  of  two  mental  processes,  sensa- 
tion and  volition.  The  extra  process  introduced  in  experiments  C.  and 
E.  is  known  as  discrimination  ;  the  average  for  ;//,  substracted  from  that 
for  mi  will  give  the  discrimination  time.  The  process  introduced  in  B. 
and  D.  is  known  as  choice ;  the  average  for  m2  from  that  for  m%  will 
give  the  time  of  choice. 


Specimen  record. 
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22 
20 
22 

23 
21 
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20 
20 
21 
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I.I 
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O.I 
O.I 

I.I 

1. 1 

O.I 
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O.OI 
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0.8l 
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29 

3° 
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28 
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29 
32 

35 
29 
28 
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1.1 
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O.I 

3-1 
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O.I 
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'  2  "*3  " 
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0.01  39  o 

0.81  41  I 

8.41  32  7 

O.OI  42  2 

Q.6l  37  2 

37-21  35  4 

0.01  30  9 

0.81  44  5 

<) )  5*  10  39.9 
10)6.46 
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"3 
24.01 

34-81 

0.81 

1. 21 

62.41 

4.41 

8.41 

14.01 

98.01 

26.01 

9)284.10 

10)31.57 
3.1b 
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1/0.09  =0.3  1/0.65  =0.8  1/3.16=:  1.8 

Simple  reaction-time  :  01  =  2I.I,  rx  =  0.2. 

Reaction  with  discrimination:   #2  =  28.9,  r2  =  o.  5- 

Reaction  with  discrimination  and  choice:  «3-=39-9,  ^3=  1.2. 

Discrimination-time,  d=  a2  —  ax  =  7. 8. 

Choice-time,  c  =  a3 —  a2  =  li.o. 

Points  to  be  noted. 
1.  The  empirically  established  scale  takes  up  the  errors  of  the  appa- 
ratus. 2.  The  results//  and  c  are  termed  "discrimination-time"  and 
"choice-time;"  these  terms  are  to  be  defined  by  giving  the  manner 
in  which  the  results  were  obtained.  They  are  not  to  be  defined  as  the 
times  required  for  the  execution  of  two  processes  known  as  discrimina- 
tion and  choice  which  are  defined  in  some  other  way.  2.  We  would  ex- 
pect that  a3  —  al=.d-\-  c,  but  this  will  rarely  happen  in  performing  the 
exercise  owing  to  unavoidable  sources  of  error  in  the  untrained  subject. 

Questions. 

1 .  What  would  probably  have  been  the  change  in  the  results  if  the  ex- 
perimenter had  arbitrarily  placed  the  colors  instead  of  allowing  the  selec- 
tion by  chance  and  if  the  subject  had  known  this  fact?  2.  Why  is  the 
probable  error  larger  for  a%  than  for  a2  ? 


Exercise  XV. — Association-time. 

(Needed:  pendulum  chronoscope,  cards  with  words,  chin  key,  2A  extra-circuit 
Lattery. ) 

Apparatus. 

a.  Pendulum  chronoscope.  See  Ex.  XIII.  An  electromagnet  beneath 
the  base  is  arranged  to  operate  the  reaction-key  whenever  the  current  is 
sent  through  it.     The  poles  are  at  the  posts  marked  Cand  D. 

b.  Cards  with  words.  Two  sets  of  small  cards  for  the  exposure  wheel 
are  placed  beside  the  apparatus.  One  set  is  to  be  used  by  each  experi- 
menter ;  it  must  not  be  seen  by  the  subject ;  therefore  the  boxes  contain- 
ing the  sets  are  not  to  be  opened  until  everything  has  been  arranged  for 
taking  records. 

c.  Chin  key.  This  is  the  modified '  telegraph  key  of  Ex.  IX.,  ar- 
ranged for  a  break  contact  only,  as  in  Ex.  XII.  It  is  mounted 
on  blocks  so  as  to  be  just  below  the  chin  of  the  subject.  The  cur- 
rent from  the  2A  battery  is  brought  to  the  posts  C,  D.  This  causes 
the  straight  bar  behind  the  chronoscope  scale    to   clamp   the  pointer. 
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1'hc  back  contact  of  the  key  is  now  similarly  connected  with  the  battery. 
^s    contact   is   made   as   long  as  the  key  is  untouched,  this  acts   as  a. 
••  -hunt  "  and  the  current  passes  through  the  key  (almost  entirely)  rather 
than  through  the  longer  and  more  difficult  circuit  of  the  magnet.     Conse- 
quently the  magnet  does  not  act  until  the  key  is  touched.1 

The  subject  is  comfortably  seated  so  as  to  see  the  exposure  opening. 
The  key  is  adjusted  to  bear  lightly  against  his  chin. 

Experiments. 
.1.  Sensory  motor  association.  The  experimenter  opens  the  box  con- 
taining the  cards,  and,  out  of  sight  of  the  subject,  inserts  one  of  them  in 
the  exposure  wheel.  When  the  shutter  falls  and  exposes  the  word  the 
subject  is  to  repeat  the  word  aloud,  always  emphasizing  the  chin  move- 
ment so  as  to  move  the  key  knob.  Three  or  four  experiments  are  taken 
in  order  to  give  practice.  Thereafter  the  wheel  is  filled  with  10  new 
cards.      Five  records  are  made. 

B.  Association  of  ideas.     Leaving  the  same  cards  in  the  wheel  the  sub- 
ect  upon  seeing  a  word  is  to  call  out  the  first  other  word  that  occurs  to 

him.  Several  experiments  are  made  for  practice.  Ten  new  cards  are 
then  inserted  and  five  records  are  taken.  After  each  record  the  pair  of 
associated  words  is  written. 

C.  Fill  the  wheel  with  ten  cards  more  and  make  five  records  on  asso- 
ciation of  ideas  as  in  B. 

D.  Fill  the  wheel  with  ten  cards  more  and  make  five  records  on  sen- 
sory motor  association  as  in  A. 

Computation. 

Find  the  average  and  the  probable  error  for  each  kind  of  association. 

If  we  assume  that  in  the  association  of  ideas  an  extra  mental  process  is 
directly  added  to  the  sensory  motor  association,  the  time  for  this  process 
is  found  by  subtracting  the  time  for  sensory  motor  association  from  the 
'toss  association-time  as  recorded. 


- 


Points  to  be  noted. 

i.   Note  that  the  larger  characteristic  variations,  as  compared  with  Ex. 
XIII,  may  indicate  any  or  all  of  the  following  sources  :     i.  complexity  of 
the  processes  ;   2.  presence  of  disturbing  influences  ;   3.   vagueness  in  the 
definitions;    4.   inadequacy  of  the  methods  of  experimenting. 

2.    Note  that  the  subject  is  not  told  to  associate  as  quickly  as  possible. 


1  With  a  lamp  battery  the  connections  are  made  as  in   Fig.  7  ;  the  wires    from  socket 
G  are  brought  to  the  magnet  and  those  from  socket  C  to  the  key. 
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Questions, 
1 .  What  is  the  relation  between  simple  reaction  and  sensory  motor  as- 
sociation ?     2.   Why  is  the  latent  time  of  the  magnet  left  undetermined? 


Exercise  XVI. — Reproduction  of  a  tone  by  the  voice. 

♦ 

(Needed:  100  v.  d.  fork,  spark  coil,  condenser,  Puluj  tube,  simple  switch,  disc 
with  graduated  series  of  dots,  manometric   flame  with  mouthpiece,  motor  with  lamp 

board,  4A  battery. ) 

Apparatus. 

a.  Electric  fork.  The  current  from  the  4A  battery  is  run  through  the 
fork  in  a  manner  similar  to  that  for  the  battery  through  the  fork  in  Ex. 
1  X.  To  diminish  the  spark  the  poles  of  the  condenser  (Ex.  IX)  are  con- 
nected to  the  fork  at  each  side  of  the  break,  i.  e.,  at  the  points  closest  to 
the  platinum  wire  and  the  platinum  disc.  One  of  these  points  is  the 
binding  post  at  the  back  of  the  fork  (it  could  not  be  closer  without  in- 
terfering with  the  vibration  of  the  fork)  ;  the  other  is  at  a  screw  on  the 
brass  base  supporting  the  platinun  disc  (not  at  the  binding  post  at  the 
end  of  the  magnet  wire). 

/>.  Spark  coil  and  Puluj  tube.  One  of  the  wires  is  removed  from  the 
fork  and  brought  to  one  of  the  primary  poles  P  of  the  coil  (Ex.  IX)  ; 
the  other  pole  P  is  connected  to  the  fork.  The  current  thus  runs 
through  the  primary  circuit  of  the  coil  ;  as  it  is  interrupted  by  the  fork 
100  times  per  second,  100  sparks  occur  at  the  poles  of  the  secondary  coil. 

The  poles  of  the  secondary  coil  are  connected  to  the  posts  of  a  shunt 
switch  (Ex.  XII).  Thread-like  wires  are  led  from  this  key  to  the  poles 
of  the  Puluj  tube. 

The  Puluj  tube  is  a  vacuum  tube  having  between  the  electrodes  a  mica 

plate  coated  with  a  phosphorescent  substance.     When  the  short  circuiting 

key  is  open,  this  surface  gives  a  flash  of  light  at  every  break  in  the  primary 

■  circuit ;  consequently,  when  the  fork  is  vibrating,  it  flashes  100  times  a 

second.     If  the  flash  is  not  strong,  reverse  the  wires  at  the  poles. 

c.  Disc  with  dot  scale.  A  disc  of  cardboard  is  marked  with  2 1  rows  of 
dots,  each  row  differing  from  the  next  by  one  dot.1  The  disc  is  placed 
on  the  axle  of  a  motor,  to  which  the  current  is  supplied  by  a  lamp -board, 
When  the  disc  is  put  in  rotation  the  dots  fuse  into  a  set  of  gray  rings. 
The  room  is  darkened  and  the  Puluj  tube  is  placed  close  to  the  disc  so 
as  to  illuminate  it.  At  a  certain  speed  of  the  disc  one  of  the  rings  will 
reappear  as  a  series  of  dots  at  rest ;  according  to  the  laws  of  stroboscopic 


1  Fig.  19  is  a  reduced  copy  of  the  original  disc  which  is  75  cm.  in  diameter.      Although 
rather  small,  Fig.  19  can  be  cut  out  and  used  on  the  motor. 
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\  ision  there  must  then  be  100  dots  in  that  ring  passing  by  the  tube  in  one 
se<  ond.  The  neighboring  rings  will  also  break  up  into  dots,  but  the  dots 
will  appear  in  motion  :  those  in  which  less  than  100  pass  per  second  will 
appear  to  move  backward,  while  those  in  which  there  are  more  will  move 
forward.  It  will  sometimes  happen  that  no  ring  will  pass  exactly  100 
dot--  ;  a  touch  on  the  axle  will  then  slightly  diminish  the  speed.  The 
speed  of  the  motor  is  adjusted  by  varying  the  amount  of  current. 
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Fig.  [9. 

d.  Manometric  flame.  Illuminating  gas  is  brought  to  the  front  part  of  a 
capsule  (Fig.  20)  from  which  it  issues  as  a  small  jet ;  the  size  of  this  jet  is 
regulated  by  a  small  stopcock.  The  back  of  this  capsule  is  formed  by  a 
thin  membrane.  Back  of  this  membrane  is  a  small  chamber  opening  into 
ajirumpet -shaped  mouthpiece.  Upon  singing  into  this  mouthpiece  the 
membrane  is  made  to  vibrate  by  the  vibration  of  the  air  producing  the 
tone.  The  gas  in  the  capsule  is  likewise  set  in  vibration,  whereby  the 
flame  alternates  between  maximum  and  minimum  of  size  with  every  vibra- 
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tion.  These  vibrations  of  the  flame  can  be  seen  by  moving  the  eyes 
suddenly  sidevvise.  The  vibrations  produce  periods  of  light  and  darkness 
just  as  in  the  case  of  the  Puluj  tube.  Thus  if  a  tone  of  100  vibrations  be 
sung,  there  will  be  100  flashes  per  second.  By  holding  the  flame  close 
to  the  rotating  disc  that  series  of  dots  can  be  picked  out  in  which  the  num- 
ber of  dots  passing  corresponds  to  the  number  of  vibrations  in  the  flame. 


Fig.  20. 

Experiments. 

The  experimenter  is  to  pick  out  the  100  row  of  dots,  i.  e.,  the  one 
which  appears  to  remain  motionless  when  illuminated  by  the  Puluj  tube. 
The  subject,  holding  the  capsule  in  his  hand,  is  to  sing  the  same  tone  as 
the  fork.  While  doing  this  he  is  to  move  the  flame  along  in  front  of  the 
disc  until  he  finds  the  row  of  dots  showing  the  number  of  vibrations  in 
the  tone  sung.  The  experimenter  records  the  number  of  rows  by  which 
this  one  differs  from  the  correct  one  :  toward  the  center  is  — ,  toward 
the  outside  -f .  A  difference  of  1  row  means  an  error  of  1  vibration  in 
singing  the  tone. 

The  octave  of  the  fork-tone  is  sung  and  the  error  is  noted  as  before. 
A  difference  of  one  row  means  an  error  of  two  vibrations. 

Ten  records  are  made  on  each  point.  Averages  and  characteristic 
'  variations  are  calculated. 


Exercise  XVII. — Color  lag. 

(Needed  :  electric  color  wheel  with  speed  indicator,  black  and  red  Maxwell  discs, 
backing  disc,  circular  scale  and  paper  ring  for  discs,  small  telescope  on  Gauss  tripod, 
battery  of  2A,  simple  switch,  32  c.  p.  lamp,  tape  measure. ) 

Apparatus. 1 

a.  Color  discs.  A  red  and  black  disc  are  slipped  together  by  means 
of  the  radial  slits.     The  backing  disc  is  an  unslit  one  which  is  placed 

'See  Stud.  Yale  Psych.  Lab.,  1895  III  102,  Fig.  17,  for  a  view  of  the  discs,  motor, 
speed  indicator  and  connections. 
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behind  the  others  in  order  to  keep  the  edges  from  Happing  when  they  are 
rotated. 

r.  Co/or  wlieel.  The  essential  is  a  rapidly  rotating  axle  with  a  screw- 
nut  for  fastening  the  discs  against  a  flange.  This  is  best  obtained  by  using 
an  electric  motor.  For  the  present  exercise  the  motor  is  series-wound 
in  order  that  its  speed  may  be  controlled  by  the  amount  of  current. 
The  current  is  brought  to  the  two  posts  of  the  motor,  passing  in  its  way 
the  two  poles  of  a  shunt  switch.  When  the  switch  is  closed  the  current 
passes  directly  across  without  going  through  the  motor ;  when  it  is 
open  the  current  is  forced  to  pass  through  the  motor. 

c.  Speed  indicator.  The  rotation  of  the  motor  axle  causes  the  indi- 
cator arms  to  revolve  and  to  fly  outward.  The  extent  to  which  they 
move  outward  depends  on  the  relation  of  the  speed  of  revolution  to  the 
weight  of  the  arms  and  the  tension  of  the  restraining  springs.  A  pointer 
is  connected  with  the  indicator  to  show  just  how  much  the  arms  move. 
The  pointer  moves  over  a  scale  graduated  to  show  the  number  of 
revolutions  per  second.  The  scale  was  established  empirically  by  spark- 
records  on  the  drum,  after  the  manner  of  Exercise  IX,  the  place  of  the  key 
in  that  exercise  being  taken  by  a  revolving  pin  at  the  end  of  the  axle 
striking  against  a  metal  spring. 

</.  Telescope.  This  may  be  a  simple  tube  blackened  inside;  it  limits 
the  amount  of  the  disc  seen  to  a  circle  of  definite  area.  Or  a  simple 
reading  telescope  of  the  usual  kind  may  be  used.  It  is  placed  on  the 
tripod. 

e.  Adjusting  the  apparatus.  The  nut  is  removed  from  the  color  wheel. 
The  backing  disc  is  placed  on  the  axle.  The  red  and  black  discs  are 
slipped  together,  so  that  when  rotated  they  will  not  catch  the  wind ;  if 
the  motor  rotates  counter-clockwise  the  edges  must  overlap  to  the  right. 
The  discs  thus  slipped  together  are  placed  on  the  axle,  a  small  paper  ring 
is  placed  in  front  and  the  nut  is  partly  screwed  up.  The  circular  gradu- 
ated scale  is  laid  over  the  discs  and  they  are  moved  till  each  occupies 
half  the  circle.     The  nut  is  then  screwed  tight. 

The  battery  is  turned  on  and  the  motor  started. 

The  32-c.  p.  lamp  is  lighted  and  placed  at  y^  meter  in  front  and  slightly 
below  the  discs. 

The  Gauss  tripod  is  placed  at  a  distance  of  1  meter  from  the  motor. 
The  telescope  is  then  adjusted  so  that  the  eye  sees  the  whole  field  of  view 
as  a  colored  circle. 

/    periments. 

The  motor  being  at  rest  and  the  subject  looking  through  the  telescope, 
the  experimenter  says  "  Ready  "  and  sends  the  current  through  the  motor. 
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The  subject  sees  the  color  alternate  with  black,  at  first  slowly,  then 
rapidly.  Soon  they  appear  to  mix,  but  still  retain  a  flickering  appear- 
ance. As  the  speed  continues  to  increase,  the  flickering  becomes  less 
marked  and  finally  diappears.  At  the  moment  when  the  illumination  of 
the  field  appears  to  be  constant  and  steady  the  subject  says  "Now." 
The  experimenter  notes  and  records  the  position  of  the  pointer  at  this 
moment. 

The  speed  of  the  motor  is  allowed  to  increase  considerably  beyond  the 
point  just  recorded  ;  the  current  is  then  turned  off.  The  speed  gradu- 
ally decreases  and  at  some  point  the  illuminated  field  begins  to  flicker. 
At  this  point  the  subject  says  "  Now,"  and  the  experimenter  notes  and 
records  the  position  of  the  pointer. 

Records  of  the  first  kind  may  be  called  "  up-records,"  those  of  the 
other  "  down -records."  The  up-records  are  placed  in  one  column,  the 
down-records  in  another. 

After  a  few  preliminary  experiments  to  obtain  practice,  ten  records  are 

made  of  each  kind. 

Computation. 

Let  m  be  the  average  of  the  up-records  and  n  that  of  the  down-rec- 
ords. The  time  of  one  revolution  in  seconds  is  thus  i/m,  or  x/n,  and 
the  time  of  half  a  revolution  in  y>n  or  y(,n. 

Let  the  suppositions  be  made:  1,  that  the  black  was  equivalent  to 
absence  of  light ;  2,  that  there  was  no  lag  at  the  appearance  of  the  red. 
It  follows  that  since  the  red  seemed  to  be  present  all  the  time,  whereas  it 
was  present  only  half  the  time,  the  sensation  must  have  persisted  through 
the  time  of  y2  a  revolution,  i.  e.,  2m  or  211  sec,  without  any  percepti- 
ble diminution  of  intensity. 

The  suppositions  are  not  strictly  according  to  fact.  The  black 
of  the  disc  is  not  an  absolute  black,  and  there  is  a  small  lag  at  the  be- 
ginning of  the  red  sensation.  For  a  bright  red  and  a  cloth  black  these 
errors  may  be  neglected,  as  in  the  present  case. 

Below  the  records  the  following  statements  are  to  be  made  (all  figures 
being  in  decimals  to  the  1/100  and  the  unit  being  seconds)  :  lag,  up, 
=      ;  lag,  down,  =       :   lag,  average,  = 

Points  to  be  noted. 
1.   The  lag  may  be  dependent  on  the   intensity  of  the  light  and  the 
area  of  the  field.      2.   The   lag  is  a  psychical  and  not  a  physical  affair. 

Questions. 

1.  Would  you  add  or  subtract  the  latent  time  (or  lag  of  the  color  at 
the  beginning),  if  it  were  known  and  you  wished  the  true  time  of  lag? 
Whv?  2.   What  is  the  unit  of  measurement  in  this  exercise? 


NOTES. 

As  this  number  of  the  Studies  has,  for  various  reasons,  been  delayed 
beyond  its  usual  time,  it  was  considered  advisable  to  bring  references, 
etc.,  down  to  1897. 

The  following  list  will  supply  the  information,  not  previously  given, 
concerning  the  occasions  of  the  various  articles  published  in  the  Studies. 
An  article  as  published  is  condensed  and  corrected  from  the  original 
thesis. 

1.  Theses  for  the  degree  of  Ph.D.:  Investigation  in  reaction-time  and 
attention,  by  C.  B.  Bliss;  Researches  on  the  mental  and  physical  develop- 
ment of  school-children,  by  J.  A.  Gilbert;  Measurements  of  illusions 
and  hallucinations  in  normal  life,  by  C.  E.  Seashore  ;  Studies  of  fatigue, 
by  John  M.  Moore. 

2.  Theses  for  the  degree  of  M.D.,  the  work  being  done  under  the 
direction  of  the  Psychological  Laboratory  and  presented  to  the  faculty  of 
the  Yale  Medical  School :  On  the  relation  of  the  reaction-time  to  varia- 
tions in  intensity  and  pitch  of  the  stimulus,  by  M.  D.  Slattery;  Reaction- 
time  in  abnormal  conditions  of  the  nervous  system,  by  Alfred  G.  Nadler; 
Simple  and  cortical  reaction-time,  by  Howard  F.  Smith. 

3.  Theses  for  special  honors  at  graduation  from  Yale  College,  the 
theses  being  frequently  made  parts  of  larger  articles  :  Experiments  on  the 
highest  audible  tone,  by  Howard  F.  Smith  ;  Some  experiments  on  the 
reaction-time  of  a  dog,  by  Edward  M.  Weyer  ;  Researches  on  reaction- 
time,  by  John  L.  Btjrnham;  Researches  on  reaction-time,  by  A.  E.  von 
Tobel;  Researches  on  reaction-time,  by  A.  Silvers tf.in  ;  Researches  on 
reaction-time,  by  G.  R.  Holden  ;  Researches  on  voluntary  effort,  by  H. 
R.  McDermott. 

The  regular  courses  given  each  year  in  the  laboratory  are  as  in  the  fol- 
lowing list.  The  amount  of  direct  personal  supervision  over  the  work 
of  a  student  in  a  course  can  be  roughly  inferred  from  the  total  number 
in  that  course  ;  the  total  for  the  present  year  is  stated  after  each  course. 

1.  Physiological  and  Experimental  Psychology.  Two  lectures  per  week  throughout 
the  year.  The  material  covered  by  the  demonstrations  and  experiments  is  about  that  con- 
tained in  Ladd's  Outlines  of  Physiological  Psychology  and  Scripture's  New  Psychology. 
127  seniors  and  juniors  (elective),  8  graduates,  3  specials. 

2.  Ele?nentary  Laboratory  Practice.  One  exercise  of  two  hours  per  week  throughout 
the  year.      See  above  p.  89.      3  seniors  and  juniors,  7  graduates. 

3.  Advanced  Course  in  Experimental  Psychology.  One  lecture  and  one  exercise  per 
week  throughout  the  year.      Elements  of  analytical  geometry  and  calculus  with  illustra- 
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tions  from  psychology  ;  theory  of  probabilities  ;  statistics ;  theory  of  measurements ; 
practice  in  adjusting  measurements ;  technical  training  in  the  construction  and  care  of 
apparatus ;  principles  of  laboratory  economy ;  methods  of  experimental  instruction ; 
practice  in  the  use  of  the  lantern,  etc.     6  graduates. 

4.  Educational  Psychology .  One  hour  per  week  throughout  a  year.  Application  of  mod 
ern  psychological  principles  to  educational  subjects  ;  outlines  of  the  psychology  of  touch, 
its  use  in  education  ;  motor  abilities,  accuracy  of  movement,  fundamental  principles  of 
writing  and  drawing  ;  sight,  color-teaching  ;  space,  form-teaching,  drawing,  modeling  ; 
attention,  concentration  and  distraction,  laws  for  developing  attention  ;  memory,  analysis 
into  its  components,  experimental  study  of,  calculation  of  results,  development  and 
training,  time  of  study ;  imagination,  use,  necessity  of  development  and  repression, 
fables,  children's  books,  toys;  emotions,  will,  action,  reflex,  automatic,  instinctive,  vol- 
untary, their  training  ;  education  of  the  blind,  the  deaf  and  other  defectives  ;  child-study, 
principles  of  anthropometry  and  psychometry  ;  psychological  development  of  the  child,  be- 
ginnings of  instruction  ;  economy  in  education,  greatest  results  from  least  efforts,  correlation 
and  concentration  of  instruction  ;  various  educational  subjects  from  a  psychological  stand- 
point,— amusement,  play,  toys,  picture-books,  object-lessons,  etc.  The  course  is  illus- 
trated with  experiments,  lantern  views,  and  a  large  collection  of  educational  material 
from  Europe  and  America.     10  seniors  and  juniors,  2  graduates. 

5.  Research-Work  in  Psychology.  Participants  in  this  course  are  either  investigator* 
or  assistants.  For  assistants  the  object  is  such  a  training  in  accurate  introspection,  ob- 
servation, experimenting  and  the  art  of  research  as  is  desirable  for  the  general  psycholo- 
gist. This  work  is  open  to  all.  Only  those  who  have  had  sufficient  experience  are  per- 
mitted to  undertake  independent  investigations.  The  results  of  all  investigations  belong 
to  the  archives  of  the  laboratory.  Those  who  undertake  investigations  thereby  agree  to 
prepare  the  results  for  publication,  subject  to  approval,  in  the  Studies  from  the  Yale 
Psychological  Laboratory.     I  senior,  4  graduates. 
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RESEARCHES  ON  ACOUSTIC  SPACE.1 


BY 


Matataro  Matsumoto. 


E.  Weber2  seems  to  have  been  the  first  to  call  attention  to  the  errors 
in  localizing  sounds.  The  particular  problems  involved  seem  to  be  two  : 
i.  the  perception  of  the  direction  from  which  a  sound  comes;  and  2. 
the  perception  of  its  distance.  The  investigations  described  in  the  fol- 
lowing pages  were  made  in  the  attempt  to  contribute  data  toward  the  so- 
lution of  these  two  problems.  The  work  was  begun  (1894)  in  the  Psy- 
chological Laboratory  of  the  Imperial  University  of  Japan  (Tokyo)  at 
the  suggestion  of  Professor  Motora  ;  the  greater  part  of  the  work,  how- 
ever, was  done  during  the  years  1 896-1 898  in  the  Psychological  Labora- 
tory of  Yale  University  under  the  supervision  of  its  director,  E.  W. 
Scripture.     Many  suggestions  were  also  received  from  Professor  Ladd. 

I.   Preliminary  investigations. 

The  first  series  of  experiments  was  conducted  according  to  Preyer's 
statistical  method.3  Instead  of  Preyer's  sound-helmet,  a  hollow 
spherical  cage  was  devised  as  is  shown  in  Figure  1.  The  imaginary  surface 
of  the  sphere  whose  diameter  is  1.35"1  is  divided  into  8  equal  parts  by 
4  vertical  great  circles.  The  surface  is  again  divided  horizontally  by  the 
equator  and  by  two  small  circles  parallel  to  the  equator  at  a  distance  of 
450  from  poles.  The  intersecting  points  of  these  vertical  and  horizontal 
circles  correspond  to  the  26  terminal  points  of  13  axes  or  diameters  of 
the  sphere.     These  13  axes  may  be  divided  into  three  classes. 

I.  Three  primary  axes  which  cut  each  other  at  right  angles. 

(a)  The  frontal  axis,  or  the  diameter  of  the  sphere  from  right  to  left  in 
the  plane  of  the  equator.     As  this  line  corresponds  to  an  imaginary  line 

1  Submitted  to  the  Tokyo  Imperial  University  as  a  thesis  for  the  degree  of  Hakush 
(Ph.D.). 

2 Ed.  Weber,  Ueber  den  Mechanismus  des  Gehororgans,  Ber.  d.  kgl.-sachs.  Ges. 
der  YViss.,  math.-phys.  Classe,  1851,  29. 

3  Preyer,  Die  Wahmehmung  der  Schallrichtung  mitteht  der  Bogengiinge,  Archiv 
f.  d.  ges.  Physiol.  (Pfluger),  1887  XL  586. 
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drawn  through  the  external  openings  of  the  two  cars  of  the  subject  seated 
in  the  cage,  it  may  be  called  the  auditory  axis  or  the  rl  (right-left)  axis. 

(/')  A  vertical  diameter  which  intersects  the  frontal  axis  at  its  middle 
point.      This  may  be  called  the  vertical  or  the  ou   (over-under)  axis. 

The  plane  determined  by  the  two  axes  rl  and  ou  is  called  the  frontal 
plane. 


Fig.  i. 


( c ■ )  A  horizontal  diameter  drawn  perpendicular  to  the  frontal  plane, 
through  the  intersecting  point  of  the  frontal  and  the  vertical  axes.  This 
may  be  called  the  sagittal  or  the/#  (front-back)  axis. 

The  plane  determined  by  the  sagittal  and  the  vertical  axes  is  called  the 
the  sagittal  or  median  plane,  while   the  plane  determined  by  the  sagittal 
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and  the  frontal  axes  is  called  the  horizontal  plane.  In  the  present  essay 
no  use  will  be  made  of  median,  frontal  or  horizontal  planes  except  the 
primary  ones,  as  just  defined ;  the  terms  are  always  to  be  understood  in 
this  way. 

The  above  three  axes  correspond  to  the  X,  Y,  Z  axes  of  the  Cartesian 
system  of  coordinates,  and  represent  the  fundamental  axes  upon  which  our 
standard  space  is  constructed  with  ourselves  as  the  center. 

II.  Six  secondary  axes,  every  two  of  which  lie  in  the  plane  determined 
by  the  primary  axes  and  cut  each  other  at  right  angles. 

(d)  Two  secondary  frontal  axes.  These  are  the  diameters  lying  in  the 
frontal  plane  at  the  distance  of  45  °  from  the  frontal  and  from  the 
vertical  axis. 

(<?)  Two  secondary  sagittal  axes.  These  are  the  diameters  lying  in'the 
median  plane  at  the  distance  of  45  °  from  the  sagittal  and  from  the  verti- 
cal axis. 

(/)  Two  secondary  horizontal  axes.  These  are  the  diameters  lying  in 
the  horizontal  plane  at  the  distance  of  45  °  from  the  sagittal  and  from  the 
frontal  axis. 

III.  Four  tertiary  axes.  These  are  the  diameters  lying  at  45 °  from 
the  three  neighboring  secondary  axes  in  each  case. 

These  thirteen  axes  are  illustrated  in  the  model,  Figure  2. 

The  26  terminal  points  of  the  13  axes  are  named  in  the  following  way  : 

I.  The  6  terminal  points  of  the  3  primary  axes  are/  (front),  b  (back), 
o  (over),  u  (under),  r  (right),  /  (left). 

II.  The  1 2  terminal  points  of  the  6  secondary  axes  are  : 

(a)  fo  (front-over),  bu  (back-under),  fit  (front-under),  bo  (back- 
over). 

(<£)  or  (over-right),  7// (under-left),  ur  (under-right),  ol  (over-left). 

(e)  fr  (front -right),  bl  (back-left),  fl  (front-left),  br  (back-right). 

III.  The  S  terminal  points  of  the  4  tertiary  axes  are  : 

(a)  for  (front-over-right),  bul  (back-under-left). 

(b)  fol  (front-over-left),  bur  (back-under-right). 

(c)  bor  (back-over-right) ■,  ful  (front-under-left). 

(d)  bol  (back-over-left),  fur  (front-under-right). 

The  person  to  be  experimented  upon  is  seated  in  the  inside  of  the  cage  ; 
his  head  is  adjusted  by  means  of  a  head-rest  fixed  to  the  back  of  the  chair 
in  such  a  way  that  his  visual  axis  in  the  normal  position  of  the  body  will 
lie  in  the  median  plane,  and  his  auditory  axis  (an  imaginary  line  drawn 
through  the  openings  of  the  ears)  with  the  frontal  axis.  Then  the  ex- 
perimenter gives  a  short  sound  at  one  of  the  26  terminal  points,  and  the 
observer,  with  his  eyes  closed,  is  to  judge  the  direction  of  the  sound.    In 
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my  experiments  the  sound  was  produced  by  means  of  a  telephone  or  a 
small  metallic  hammer.  Fifty  experiments  were  made  for  each  of  the  26 
points.      The  observer  was  Mr.  T.  Oku,  a  student  of  philosophy. 


a 


O 


o 
u 

o 

4> 


[f  we  could  not  perceive  the  direction  of  sound  at  all,  it  would  ber 
as  Prever1  noticed,  theoretically  possible  that  each  of  the  26  directions 
would  be  confused  with  each  of  the  remaimng  25  directions  so  that  there 

Therefore  in  676  experi- 


would  occur  in  all  26-  —  26  =  650  confusions 


1  I'i  Wahrnehmun^   der  Schallrichtung  mitteht  der  Bogengdnge,  Archiv 

f.  d.  ges.  Physiol.  (Pfliiger),  1887  XL  586. 
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merits  the  correct  judgments  would  amount  only  to  26.  Or  in  1,000 
experiments  the  correct  judgments  would  not  exceed  40.  This  was  not 
the  case,  for  in  1,300  experiments  (780  telephone  sounds  and  520  met- 
allic clicks)  it  was  found  that  the  correct  judgments  amounted  to  768, 
namely,  f  of  the  total  number  instead  of  -^  as  theoretically  required. 
Therefore,  the  perception  of  the  direction  of  sound  cannot  be  re- 
garded as  purely  accidental. 

It  was  noticed  that  in  these  experiments  none  of  the  26  directions 
Mas  actually  confused  with  more  than  8  directions.  Of  650  possible 
kinds  of  errors  only  113  kinds  were  actually  observed  in  our  1,300 
experiments  and,  indeed,  many  of  these  113  kinds  occurred  only 
once  or  twice.  What  are  the  remaining  kinds  of  errors  which  did  not 
occur  actually,  though  they  were  theoretically  possible  ?  This  question 
leads  to  a  very  important  principle  in  the  perception  of  the  direction  of 
sound.      In  the  experiments  the  following  results  were  noticed. 

1.  No  sound  on  the  right  side  was  perceived  as  being  on  the  left  side, 
and  no  sound  on  the  left  side  was  perceived  as  being  on  the  right  side. 
That  is,  none  of  the  series,  r,  fr,  for,  or,  bor,  br,  bur,  ur,  fur,  was  con- 
fused with  any  of  1,  fl,foI,  ol,  bo/,  bl,  bid,  ul,  fill,  and  vice  versa.  As 
there  are  9  r-directions  and  9  /-directions,  then  162  (i.  e.,  2X9X9) 
kinds  of  errors  must  be  subtracted  from  the  total  number  of  errors  theo- 
retically possible. 

2.  No  sound  on  the  right  or  the  left  side  was  localized  in  the  median 
plane.  That  is,  none  of  the  above  series  was  confused  with  the  series  in 
the  median  plane  ffo,  o,  bo,  b,  hi,  it,  fit.  Therefore  we  must  subtract 
144  (i.  e.,  2x9x8)  kinds  of  errors  from  the  total  number  theoret- 
ically possible. 

3.  No  sound  in  the  median  plane  was  localized  on  the  right  or  left  side 
of  the  plane.  That  is,  none  of  the  series  f  fo,  0,  bo,  b,  bit,  it,  fit,  was 
confused  with  /,  fl,  fo/,  0/,  bo/,  b/,  bit/,  ul,  fill,  r,  fr,  for,  or,  bor,  br,  bur, 
ur,  fur.  Here  again  144  (i.  e.,  2  x  8  x  9)  kinds  must  be  subtracted 
from  the  total  number. 

Subtracting  these  450  kinds  of  errors  from  650  theoretically  possible 
kinds  of  errors  we  get  200  kinds  of  errors  as  actually  occurring.  These 
200  kinds  of  errors  are  those  which  will  be  actually  observed.  They 
consist  of  72  (i.e.,  9x9  —  9)  confusions  on  the  right  side,  72  (i.  e., 
9  X  9  —  9)  confusions  on  the  left  side  and  56  (i.  e.,  8  x  8  —  8)  con- 
fusions in  the  median  plane. 

In  respect  to  these  three  fundamental  facts  the  results  of  my  own  ex- 
periments perfectly  agree  with  those  of  Prever. 

These  facts  lead  us  to  believe  that  the  possession  of  two  ears  gives  us 
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an  important  moans  o\  perceiving  the  direction  of  a  sound.  When  a 
sounding  body  is  situated  in  the  median  plane,  there  is  no  difference  be- 
tween the  intensities  (and  the  other  possible  properties)  with  which 
vibratory  movements  arrive  at  the  two  ears.  But  when  a  sound  is 
situated  outside  of  the  median  plane  the  results  will  be  different  and 
the  greater  the  angular  distance  from  the  median  plane  the  greater 
will  be  the  difference.  The  relative  amount  of  this  difference — the 
binaural  parallax — may  give  us  effective  data  by  which  we  can  judge 
the  direction  of  the  sound.  If  such  a  supposition  be  true,  the  direc- 
tion of  a  sound  will  be  best  perceived  when  it  is  situated  in  or 
around  the  frontal  or  auditory  axis,  for  here  the  difference  will  be 
greatest  ;  we  can  also  expect  that  the  direction  of  a  sound  will  be 
fairly  well  recognized  when  it  is  situated  in  the  sagittal  axis,  for  that  axis 
is  unique  in  its  relation  to  the  two  ears.  Moreover,  it  may  be  expected 
that  the  direction  of  a  sound  in  the  horizontal  plane  will  be  best  per- 
ceived, for  the  shape  of  the  pinna  is  most  favorable  for  receiving  a  sound 
in  the  horizontal  plane,  especially  in  the  case  of  binaural  perception. 
Now  let  us  examine  the  results  of  our  experiments  more  closely  to  see 
whether  they  support  these  suppositions. 

For  each  primary  axis  the  ratio  of  the  correct  judgments  to  the  total 
number  was  as  follows  :  for  rl  axis,  y^  ;  for  fb  axis,  y7^ ;  for  ou 
axis,  y*5^.  These  results  show  that  the  sounds  in  the  /-/axis  are  best 
localized,  while  the  sounds  in  fb  axis  are  better  localized  than  those  in 
ou  axis.  In  Prever's  experiments  the  ratio  of  the  correct  judgments 
for  ou  axis  was  greater  than  that  for  fb  axis. 

Again  the  ratio  of  the  correct  judgments  for  the  8  directions  in  each 
primary  plane  was  as  follows  :  for  the  horizontal  plane  (/,  fr,  r,  br,  b,  bl, 
/,  ft),  f  I' iy ;  for  the  frontal  plane  (o,  or,  r,  ur,  ti ,  ///,  /,  <>/),  |il ;  for  the 
median  plane  (f,  fo,  o,  bo,  b,  bit,  //,  ///),  y|-|.  The  results  show  that  the 
sounds  in  the  horizontal  plane  are  localized  best  of  all,  while  the  sounds 
in  the  frontal  plane  are  better  localized  than  those  in  the  median 
plane,  these  results  agree  with  those  of  Prever  and  ARXnF.ni.1 

The  influence  of  the  sounds  from  the  right  and  left  sides  is  so  strong 
that  even  the  ratio  of  all  correct  judgments  for  those  18  directions  in 
which  r  and  /  take  part  has  a  greater  value  than  the  ratio  of  all  correct 
judgments  for  either  of  the  18  directions  in  which  /  and  b  or  o  and  // 
take  part.  In  the  last  two  groups  r  and  /  do  not  occur  so  often  as  in 
the  first.     The  ratios  of  the  correct  judgments  were  as  follows  :   for  rl 

1  Akniii.im,    Beitrdge  zur   Theorie  von  Schallempjindiingen  mittelst  der  Bogengdnge, 
.,  Jena  1887. 
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18  directions,  ffi ;  for  fb  18  directions,  -§-{7^;  for  ou  18  directions,  |-J-£. 
Our  supposition  that  the  possession  of  two  ears  gives  us  by  binaural  par- 
allax an  important  means  for  perceiving  the  direction  of  sound  seems  to 
be  supported  by  these  results.  But  this  general  principle  is  made  more 
complex  by  various  circumstances.  For  upon  examining  the  number  of 
the  correct  judgments  in  the  three  sets  of  hemispheres  it  was  found  that : 

1.  The  direction  of  a  sound  in  the  right  hemisphere  was  more  cor- 
rectly judged  than  that  of  a  sound  in  the  left  hemisphere.  The  correct 
judgments  for  r,fr,for,  or,  bor,  br,  bur,  ur,  fur  amounted  to  278,  while 
the  correct  judgments  for  l,fl,fol,  0/,  bo/,  bl,  bul,  ul,  ful  amounted  to 
257.  If  the  binaural  parallax  is  an  important  means  of  localizing  a 
sound,  then  it  is  highly  probable  that  the  localization  will  be  more  or  less 
influenced  by  the  difference  in  sensitiveness  which  exists  between  the  two 
ears.  Although  the  subject  was  not  examined  in  this  respect,  it  is  prob- 
able that  there  was  such  a  difference. 

2.  The  direction  of  a  sound  in  the  front  hemisphere  was  more  correctly 
judged  than  that  of  a  sound  in  the  rear  hemisphere.  The  correct 
judgments  for  f  fo,  fit,  fl,  fob,  ful,  fr,  for,  fur  amounted  to  260,  while 
those  for  bo,  b,  bu,  bob,  bub,  bb,  bor,  br,  bur  amounted  to  237.  This  dif- 
ference probably  finds  its  explanation  in  the  function  of  the  pinnae  whose 
shape  is  not  favorable  for  receiving  sounds  in  the  rear  hemisphere. 

3.  Lastly,  a  sound  in  the  lower  hemisphere  was  better  localized 
than  a  sound  in  the  upper  hemisphere.  The  correct  judgments  for 
///,  u,  bu,  bub,  ul,  ful,  bur,  it  r,  fur  amounted  to  271,  while  those  for  fo, 
o,  bo,  bol,  ol,  fol,  bor,  or,  for  amounted  to  206.  We  cannot  say 
that  this  will  always  be  the  case,  for  in  Prever's  experiments  the 
sounds  were  better  localized  in  the  upper  hemisphere  than  in  the 
lower  hemisphere.  The  results  of  my  experiments  might  have  been 
more  or  less  influenced  by  the  probable  reflection  of  sound  from  the 
lower  parts  of  the  apparatus  and  the  floor,  in  consequence  of  which  the 
sound  might  have  been  peculiarly  colored,  as  it  were,  according  to  its 
position,  and  better  discriminated  by  the  observer.  Apart  from  such 
influences  the  results  might  have  been  influenced  by  the  form  of  the 
pinna?. 

The  examination  of  these  three  groups  of  results  enables  us  to  say 
with  great  probability  that  the  differences  in  the  degrees  of  sensitiveness 
in  the  two  ears  and  the  action  of  the  pinnae  are  the  factors  which  render 
our  perception  of  the  direction  of  sound  more  or  less  complex. 

Table  I.  summarizes  the  results  of  these  preliminary  experiments.  In 
this  table  the  objective  positions  of  sounds  are  indicated  in  the  vertical 
column  at  the  left,  and  the  perceived  directions  are  given  in  the   hori- 
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zontal  columns.     The  number  of  judgments  of  each  kind  is  given  by  the 
figures  which  are  found  below  each  perceived  direction. 

In  the  same  manner  as  the  actual  possibility  of  the  confusion  of  the  di- 
rections of  sounds  is  limited  to  certain  distinct  regions,  so  the  directions 
which  are  most  liable  to  be  confused  with  each  other  are  also  restricted  to 
narrower  limits  than  the  regions  of  actual  possibility. 

In  the  following  lists  the  frequency  of  the  confusion  between  pairs  of 

the   26  directions  is  shown  by  the   figures.      Here  it    is  regarded  as  a 

matter  of  indifference  whether — for  example — -fr  is  confused  with,  for,  or 

for  with//-,  and   likewise   for  any  other  pairs  of  directions  that  may  be 

confused. 

List    I. 

Confusions  in  the  Median   Plane. 

Confusion  between  f  and  fo  ( 1 5 ) ,  fit  ( 13 ) ,  b  { 1 ) . 

"       found  0(17), /it  (4),  bo  (3);b  (i). 

"  "        o  and  bo  (23),  fit  (2),   it  (1). 

bo  and  b  (18),  bu  (4),  fit  (1). 

b  and  bu(i6),fii  (10),  u  (8). 

"  "        bit  and  it  (27), /«  (1). 

«and/«(2). 

List  II. 

Confusions  in  the  Left  Hemisphere. 
Confusion   between  /and  0/(14),  bol  (6),    «/(5),  b/($),  7/(4),  ful(3),  fol{2),  bul{\). 

"        /and>/(i4),A/(l3),M3),  «*(3)»  »'(*)• 

/o/and  0/(17),  bol{3),fitl  (2). 

olandbol(22),fiil(s),ul(2),bi(2). 
bol  and  bl\lT,),ful(2),  bu/(l). 
bl  and  bul(g),  ul  (S),ftl{2). 
"  "         but  and  it l(  29). 

ul  and  ful(S). 

List   3. 

Confusions  in  the  Right  Hemisphere. 
Confusion  between  r  and<?/-(l6),   ur  (7),  bor(6),  fr{6),  for{^),  br(2),fur(i). 
fr  and  for(is),  fur  (4),  br(A),  or\  1  1. 
"  "        for  and  or{  17  \,bor  1  5  |,^r|  5  1. 

■"  "  or  and  bor(  1$),  itr  (  ],\,  />r{  1). 

"  "  bor  and  br(8),  fin- (7  ),  bii/-<  3  :,    iui2). 

"  "         />r  and  bur(-j),  ur  (5),  fur(3). 

"  "  /'«;-  and  «;-(  20),  fin  (2). 

"  "         wrandy»r(5). 

These  results  show  that  the  points  which  are  most  liable  to  be  confused 
with  each  other  are  those  which  are  situated  nearest  to  each  other  in  the  re- 
gion of  actual  possibility  of  confusion.   This  is  in  accordance  with  our  view 
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that  the  localization  depends  upon  the  binaural  parallax,  for  the  sounds 
at  the  points  situated  nearest  to  each  other  in  the  regions  of  actual  possi- 
bility of  confusion  are  those  which  are  more  nearly  equal  in  their  relations 
to  the  two  ears  than  the  sounds  at  other  points.  Moreover,  we  can  notice 
a  certain  similarity  in  the  three  lists  above.  The  errors  that  occur  most 
uently  in  the  second  list  (first  two  columns)  are  of  similar  kinds  with 
the  most  frequent  errors  (first  two  columns)  in  the  third  list.  More- 
over, if  we  disregard  the  question  of  right  and  left  —  thereby  cutting  off 
/and  r  from  the  members  in  the  second  and  third  lists,  then  the  most 
frequent  errors  (first  column)  will  be  the  same  in  all  three  lists.  In 
other  words,  the  errors  which  occur  most  frequently  in  the  median 
plane  are  repeated  with  almost  the  same  regularity  in  the  left  and 
right  hemispheres.      The  results  are  arranged  in  Table  II. 

In  connection  with  the  above  three  lists  it  is  interesting  to  know 
the  relation  of  the  angular  magnitude  of  the  error  to  its  frequency.  In 
the  median  plane  the  possible  frequencies  of  the  errors  out  of  a  total 
of  64  are  as  follows:  for  1800,  8  times,  or  \2)'2rJ0  ;  for  1350,  16  times, 
or  25%  ;  for  900,  16  times,  or  25%  ;  for  450,  16  times,  or  25%  ;  for 
o°,  S  times,  or  12^%. 

In  the  actual  experiments,  however,  400  judgments  were  distributed 
as  follows:  for  1800,  3  times,  or  1^%  ;  for  1350,  13  times,  or  3%  ; 
for  900,  20  times,  or  5%  ;  for  45 °,  131  times,  or  2>3  9o  >  f°r  °°>  233 
times,  or  58',  . 

Comparing  these  two  series  it  becomes  evident  that  in  reality  the  errors 
are  not  evenly  distributed.  The  error  of  o°  magnitude  (i.  e. ,  correct 
judgment)  is  by  far  the  most  frequent;  the  error  of  450  (next  to  the 
smallest  magnitude)  comes  next  to  it.  and  the  errors  of  greater  magni- 
tudes occur  less  frequently  as  the  magnitude  increases. 

The  same  observation  is  to  be  made  concerning  the  errors  in  separate 
hemispheres.  If  the  errors  were  evenly  distributed  the  frequencies  for  the 
right  and  left  hemispheres  would  be  as  follows  :  for  1190,  2X4  times,  or 
5%  of  the  total  number:  for  9S0,  2x8  times,  or  10%;  for  900, 
2x12  times,  or  15%  ;  for  850,  2x8  times,  or  10%  ;  for  6o°,  2x8 
times,  or  10%  ;  for  590,  2  x  S  times,  or  10$  ;  for  450,  2  x  24  times, 
or  30$  J   for  o°,  2x9  times,  or  nf/c. 

In  the  actual  experiments,  however,  900  judgments  were  distributed 
as  follows:  for  1190,  9  times,  or  1  %  of  the  total  number;  for  980, 
7  times,  or  fo<f0  ;  for  900,  30  times,  or  3  jr)r/c  )  for  850,  8  times,  or 
jTjf/o  ',  for  6o°,  18  times,  or  2f/c  ;  for  590,  23  times,  or  2fTi(f0  ;  for  450, 
270   times,  or  30%  ;   for  o°.  535  times,  or  59%. 

Just  as  in  the  median  plane,   the  errors  of  smaller  magnitndes  happen 
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also  in  the  both  hemispheres  more  frequently  than  the  errors  of  greater 
magnitudes.  The  exceptionally  great  percentage  for  90  degrees  arises 
front  the  familiar  confusions  between  front  and  back  and  between  above 
and  below  ;    these  will  be  considered  in  detail  later. 

From  these  results  it  follows  that  the  smaller  the  angular  distance  be- 
tween the  two  points,  the  greater  is  their  confusion  with  each  other. 
Though  this  fact  is  a  matter  of  common  experience,  the  experimental  de- 
termination  of  it  is  very  important. 

The  frequencies  of  the  errors  relating  to  the  magnitude,  which  we  ac- 
tually observed  in  our  experiments,  are  shown  in  Table  III. 
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The  foregoing  preliminary  experiments  have  shown  that  the  difference 
between  the  sensations  with  which  a  sound  is  heard  in  the  two  ears  must 
be  regarded  as  the  fundamental  datum  for  localizing  the  sound. 

The  next  step  must  therefore  be  a  closer  examination  of  this  datum  of 
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localization.  There  are  four  characteristics  of  sound-waves  by  which 
one  sound  may  be  discriminated  from  another,  namely,  intensity,  pitch, 
phase  and  complexity  (or  timber).  The  localization  of  a  sound  must 
be  based  upon  a  difference  in  one  or  more  of  these  four  characteristics. 

Of  these  four  characteristics  it  was  the  question  of  intensity  to  which 
my  chief  attention  was  paid  in  the  further  experimental  work,  for  from 
the  nature  of  the  subject  the  problem  could  be  more  definitely  studied  in 
reference  to  this  characteristic  than  to  the  other  ones. 


II.    Dependence  of  the  localization  of  a  perceived  sound   upon 

THE     RELATIVE     INTENSITIES     OF     THE     SOUNDS     HEARD     BY     THE 

TWO  EARS. 

We  have  seen  in  our  preliminary  experiments  that  a  sound  in  the  me- 
dian plane  is  never  localized  on  the  right  or  the  left  side  and  a  sound  on  the 
right  or  the  left  side  is  never  localized  in  the  median  plane,  and  we  have  as- 
sumed that  these  facts  depend  upon  the  peculiar  relation  between  the  in- 
tensities with  which  the  ears  are  excited  by  a  sound  in  the  median  plane. 
Now  the  queston  arises  whether  we  do  always  localize  the  perceived  sound 
in  the  median  plane  when  both  ears  are  excited  with  the  same  intensity. 
The  following  experiments  were  conducted  to  get  an  answer  to  this  ques- 
tion. 

i.  Dependence  of  the  localization  of  a  sound  in  the  median  plane  upon  the 
equal  intensities  of  the  impressions  in  the  two  ears. 

Each  of  the  primary  circles  of  the  spherical  cage  was  divided  into  de- 
grees. In  the  horizontal  circle  the  front  (/)  was  taken  as  o°  and  the 
degrees  were  counted  on  both  sides  of  the  circle  from  front  to  back, 
the  back  being  1800.  In  the  frontal  circle  the  top  was  taken  as 
o°  and  the  degrees  were  counted  from  the  top  downward,  the  point 
opposite  to  the  top  being  1800  and  that  horizontally  either  right  or 
left  900.  In  the  median  circle  the  top  was  taken  as  o°,  and  the  de- 
grees were  counted  from  the  top  downward,  either  front  or  back  being 
900  and  the  point  opposite  to  the  top  1800. 

Two  telephones  were  placed  at  two  symmetrical  points  of  the  same 
circle.  The  head  of  the  observer  was  adjusted  as  in  the  preliminary  experi- 
ments. The  two  telephones  were  sounded  with  equal  intensities  for  two 
seconds.  The  observer  was  to  judge  the  direction  of  the  sound.  The 
points  at  which  the  telephones  were  placed  are  given  in  Table  IV. 

For  each  pair  of  positions  4  to  8  experiments  were  made ;  the  total 
number  of  experiments  was  125.     To  eliminate  the  effect  of  suggestion 
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and  practice,  the  experiments  were  made  in  an  irregular  order,  and  not 
in  the  order  given  in  the  table.  Mr.  T.  Nakashima,  a  well  trained  ob- 
server, was  the  subject  of  the  experiments. 


Table  l\ 

.  horizontal. 

B,  fr 

ontal. 

C,  median. 

right 

left 

right 

left 

front 

back 

I 

22.50 

22.5° 

22.50 

22.50 

22.5° 

22.5° 

2 

45° 

45° 

45° 

45° 

'45° 

45° 

3 

67° 

67° 

670 

670 

67° 

67° 

4 

900 

900 

900 

900 

90° 

90° 

5 

1  u.50 

112. 50 

112. 50 

112.5° 

112.5° 

112.5° 

6 

135° 

135° 

135° 

135° 

135° 

135° 

7 

157-5° 

157-5° 

157-5° 

157-5° 

157-5° 

157-5° 

s 

o° 

1S00 

o° 

180° 

o° 

180° 

The  fundamental  phenomenon  always  observed  in  experiments  of  this 
kind  is  that  the  two  similar  impressions  received  by  the  two  ears  were 
combined  into  one  sound. 

The  results  of  these  experiments  are  given  in  Table  V.  The  table  is 
to  be  interpreted  in  the  following  manner.  "When  the  telephones  were 
in  the  positions  given  in  Table  IV,  the  sound  appeared  to  be  in  the  direc- 
tions given  under  similar  headings  in  Table  Y  ;  thus  Ax  ot  the  latter 
corresponds  to  Ai  of  the  former,  etc.  The  expressions  contained  in  the 
parentheses  represents  judgments  of  this  character:  "  front  but  a  trifle 
upward,"  etc.  The  letter  k  means  "in  the  head;"  the  other  letters 
have  the  meanings  given  on  p.  3. 

Table  V. 
A  B 

*  /  A°\  A°)>  A°*),  *(<>*)  *>  *(*).  *(**).  *(*).  Kf°)>  Kb°) 

2  /,A")>A°)>  »>  *(*),  Hf),  *(/)      *,A°)>  *(0.  *(*).  *W 

3  b,  b,  b(k),  6(0),  i{r)  k,  k,  k{u),  f(o),  f(o) 

4  /,  /,  *,  b(k),  b(k),  b(o),  k,  /c(b)  f,  /,  b,  b(k),  b(k),  b(o),  k,  /c(b) 

5  b,  b,  b{k  ),  b{ko)  />,  b,  k,  k{b),  bu 

6  b,  b,  b,  b,  b{k)  b(u),  b(k),  b(u),  b{ul),  b 

7  b,  b,  b,  b,  b(k),  b{ko)  u{rb),  u{rb),  «(/),  «(r),  u(rb\ 
-S  f,f,f,A°),  K*)  0,  o(b),  o(f) 

C 

>  A°)>A°)>A°)>A°hA°) 

2  A°)>A°)*A°)>/>f 

3  Ao),Ao),f,f,f 

4  /,  /,  /,  Ao),  *(*) 

5  b,  b{u),  /,  /,  /,  f 

6  b(u),  b(zt),  b,  b,   b 

7  u(b),  u(b),  u(b),  b  or  f,  f  or  b 

8  *(/),  o(b) 
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Table  V.  shows  that  all  the  sounds  were  localized  in  the  median  plane. 
A  slight  deflection  from  the  median  plane,' which  is  indicated  by  the  let- 
ters in  parentheses,  seems  to  be  the  effect  of  slight  deviations  in  the  position 
of  the  head,  in  manner  of  placing  the  telephones  and  in  occasional  differ- 
ence between  the  intensities  of  the  two  sounds,  all  of  which  we  could 
not  govern  accurately. 

In  group  A  most  sounds  were  perceived  to  be  at  b  or  b(k~).  But 
when  the  two  ears  were  stimulated  by  sounds  coming  from  22. 5 °  and 
22. 50,  or  450  and  450,  or  o°  and  1800,  most  of  the  perceived  sounds 
were  perceived  to  be  at/". 

In  group  B  the  sound  was  perceived  to  be  at  k  (in  the  head)  when  the 
two  ears  were  stimulated  b)  sounds  from  above,  whereas  it  was  per- 
ceived to  be  at  b  or  u  when  the  two  ears  were  stimulated  by  sounds 
from  below.  When  the  sounds  were  given  at  0  and  it  the  sound  was  per- 
ceived to  be  at  0. 

In  group  C  most  of  the  perceived  sounds  were  localized  at  fo  and  f 
when  the  two  ears  were  stimulated  by  sounds  situated  between  o°  and 
1 1 2. 50.  But  the  sounds  were  mostly  perceived  at  b  or  u  when  the 
two  ears  were  stimulated  by  sounds  situated  lower  than  135 °. 

The  conclusion  seems  to  be  justified  by  the  results  of  this  set  of  experi- 
ments that,  in  whichever  of  the  three  primary  planes  the  objective 
sounds  may  be  placed,  the  perceived  sound  is  always  localized  (in  so  far 
as  the  sensitiveness  of  the  two  ears  is  the  same  and  the  two  objective 
sounds  are  exactly  equal)  in  the  median  plane  if  these  sounds  are  placed 
in  such  a  way  that  the  distances  between  one  ear  and  the  sources  of  the 
sounds  are  equal  to  the  distances  between  the  other  ear  and  the  same 
sources  respectively. 

Since  equal  distances  have  equal  influences  upon  the  intensity  of  a 
sound,  the  above  conclusion  can  be  expressed  in  terms  of  intensity, 
namely,  when  the  two  ears  are  stimulated  simultaneously  by  sounds  of 
equal  intensity  the  perceived  sound  is  always  localized  in  the  median 
plane.  Conversely  we  can  say  that  when  a  sound  is  localized  in  the 
median  plane  the  intensities  of  the  impressions  in  the  two  ears  are  equal. 

There  still  remains  the  question  concerning  the  component  upon  which 
depends  the  discrimination  between  front  and  back,  above  and  below  in 
the  median  plane.  It  is  true  that  in  the  median  plane  the  localization  is 
very  imperfect.  Still  the  existence  of  some  localizing  power  in  this 
plane  was  proved  by  the  results  of  the  experiments  conducted  by  v.  Kries.1 
Here  the  localization  cannot  be  explained  by  the  principle  of  relative 

1  v.  Kries,  Ueber  das  Erkennender  Schal!rtc/itiing,Zt.  f.  Psych,  u.  Physiol,  d.  Sinn., 
1890  I  235. 
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intensity,  for  the  two  oats  are  stimulated  with  the  same  intensity.  The 
experiments  of  v.  K.RIES  and  Rayleigh  *  show  us  that  the  possibility 
of  the  localization  in  the  median  plane  depends  to  a  great  extent  upon 
the  constitution  of  the  sound  and  upon  practice.  A  pure  tone,  such 
as  that  produced  by  a  tuning  fork,  is  in  general  localized  distinctly  only 
with  difficulty,  but  a  noise  or  a  tone  mixed  with  overtones  (such  as  the 
noise  produced  by  striking  small  blocks  against  each  other,  or  the  human 
voice)  .seems  to  be  better  localized.  The  difference  which  exists  between 
the  two  cases  serins  to  arise — though  it  it  is  not  easy  to  make  it  definite 
by  an  experiment — from  the  fact  that  the  quality  and  pitch  of  a  sound 
are  more  or  less  modified  according  to  its  position  in  the  median  plane, 
for  the  sound  waves  will  be  more  or  less  influenced  by  the  position  of  the 
sound  with  respect  to  the  position  of  the  pinnse.  Not  only  the  quality 
and  the  pitch,  but  also  the  absolute  intensity  of  the  sound  will  be  different 
according  to  its  position.      These  factors  will  be  considered  later. 

2.  Dependence  of  the  localization  of  a  sound  in  the  horizontal  plane 
upon  the  unequal  intensities  of  the  impressions  in  the  trco  ears. 

When  a  source  of  sound  is  situated  not  far  from  us,  either  on  the  left  or 
on  the  right  side,  the  intensities  of  the  impressions  produced  in  the  two 
ears  are  not  equal,  for  the  intensity  of  a  sound  varies  (according  to  the 
generally  accepted  law  of  propagation  of  sounds)  inversely  as  the  square 
of  the  distance.  The  difference  between  the  distances  becomes  smaller 
as  the  source  of  sound  approaches  the  median  plane,  while  it  grows 
greater  as  the  source  of  sound  moves  more  toward  the  side. 

The  question  is  whether  or  not  we  localize  the  perceived  sound  at 
different  points  according  to  the  change  in  the  relative  difference  between 
the  intensities  of  the  sensations  received  in  the  two  ears.  A  definite 
answer  was  sought  by  the  following  set  of  experiments. 

In  the  preceding  experiments  I  noticed  that  the  reflection  of  the  sound 
from  the  surrounding  walls  had  some  influence  upon  the  localization.  It 
seemed  desirable  in  further  experiments  to  avoid  this  source  of  error,  as 
far  as  possible.  A  small  separate  chamber  4  feet  long,  4  feet  wide  and  4 
feet  high,  with  walls  of  felt,  was  arranged  in  a  quiet  spacious  room  on 
the  top  floor  of  the  Yale  Laboratory.  Instead  of  a  spherical  cage  as  used 
in  the  foregoing  experiments  the  following  arrangement  was  made  for 
determining  the  objective  positions  of  the  telephones. 

On  the  floor  of  the  chamber  a  circle  was  described,  whose  radius  was 
65"".      This  circle  was   divided   into    12   equal   parts  by   12   radii  at  300 

1  RAYLEIGH,  Our  perception  of  the  direction  of  a  source  of  sound,  Nature,  1876 
XIV   32. 
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apart.  The  person  experimented  upon  was  seated  in  the  center  of 
the  chamber.  His  head  was  adjusted  by  a  support  in  such  a  way  that  the 
line  connecting  the  openings  of  the  two  ears  would  intersect  at  its  mid- 
dle point  an  imaginary  line  drawn  from  the  center  of  the  circle  perpen- 
dicularly to  the  floor.  In  order  to  eliminate  the  influence  of  suggestion 
upon  judgment,  the  eyes  of  the  observer  were  blindfolded  before  he  was 
allowed  to  enter  the  chamber.  He  consequently  never  knew  anything 
of  its  construction  or  contents.  Two  telephone-stands  of  a  T  shape  were 
prepared.  Each  stand  could  be  erected  on  any  of  the  12  divisions  in 
such  away  that  the  longer  arm  would  be  perpendicular  to  the  floor  and 
the  shorter  one  would  be  parallel  to  the  radius  at  that  point.  A  telephone 
was  hung  on  the  shorter  arm  by  means  of  strings.  The  height  of  the 
shorter  arm  was  adjusted  so  that  the  telephone  would  lie  in  the  same  line 
with  the  openings  of  the  ears. 

The  wires  from  one  telephone  were  connected  with  the  secondary  coil 
of  a  sliding  inductorium.  The  wires  from  the  other  telephone  were  con- 
nected with  the  two  binding  posts  at  one  end  of  the  primary  coil, 
where  the  electric  current  coming  through  an  electro-magnetic  tuning 
fork  in  another  room  was  to  be  divided  into  two  circuits,  one  of  which 
served  for  the  primary  circuit  of  the  inductorium  and  the  other  for  the 
circuit  of  the  second  telephone.  The  current  for  the  latter  telephone 
passed  through  a  copper  sulphate  rheostat.  By  means  of  this  rheostat 
the  intensity  of  the  current — and  consequently  the  intensity  of  the  tele- 
phone sound — could  be  regulated.  The  secondary  coil,  with  which  the 
wires  of  the  first  telephone  were  connected,  carried  a  pointer  which 
passed  over  the  divisions  of  the  millimeter-scale  on  the  base  of  the  in- 
ductorium. By  changing  the  distance  between  the  coil  the  intensity  of 
the  induced  current — and  consequently  the  intensity  of  the  telephone 
sound — could  be  regulated. 

In  this  set  of  experiments  a  self-interrupting  electro-magnetic  fork  of 
250  complete  vibrations  was  placed  as  a  shunt  across  the  telephone  circuit. 
The  current  from  a  lamp  battery1  passed  through  the  fork  during  half  its 
period  of  vibration,  while  during  the  other  half  of  the  period  it  passed  to 
the  telephone  apparatus.  Thus  a  tone  of  250  vibrations  could  be  pro- 
duced in  the  telephones. 

The  standard  intensity  of  the  current  could  be  regulated  at  pleasure 
by  changing  the  lamps  of  the  battery.  When  the  telephone  circuit  was 
closed  by  the  key  each  telephone  produced  a  sound  of  definite  pitch, 
with  an  intensity  depending  upon  the  amount  of  liquid  resistance  intro- 
duced or  upon  the  distance  of  the  secondary  coil  from  the  primary  one. 

1  SCRIPTURE,  New  apparatus  and  methods,  Stud.  Yale  Psych.   Lab.,  1896  IV  76. 
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First  group. 

In  the  first  group  of  experiments  the  telephones  were  placed  direi  il\ 
opposite  the  openings  of  the  ears  at  a  distance  of  400"'.  The  current 
was  turned  on  for  a  little  more  than  a  second,  the  two  sounds  being  pro- 
duced simultaneously.  When  the  sounds  ceased  the  observer  was  to  an- 
nounce the  direction  of  the  sound  which  he  perceived.  The  experi- 
menter was  to  take  the  record  both  of  that  direction  and  of  the  distance 
of  the  secondary  coil  from  the  primary,  which  represented  the  intensity 
of  the  current  for  one  telephone.  During  the  experiment  the  intensity  of 
the  current  for  the  other  telephone  was  kept  constant. 

The  first  subject  was  A.  lisher,  the  laboratory  janitor,  a  well-trained 
observer  without  the  slightest  knowledge  of  the  arrangements  or  inter- 
est in  the  results.  He  always  perceived  only  one  sound  instead  of  two 
separate  sounds  and  projected  the  sound  in  one  of  five  directions  in  a 
horizontal  plane  about  the  same  level  as  his  eyes,  i.  e.,  at  r,fr,f,  ft,  /. 
according  to  the  difference  between  tHe  intensities  of  the  two  sounds.  If 
we  call  for  the  sake  of  convenience  the  relative  intensities  "strongest," 
"stronger,"  "equal,"  "weaker"  and  "weakest,"  the  results  can  be 
summarized  as  follows. 

1.  When  R,  intensity  of  the  component  of  the  sound  on  the  right 
side,  was  "strongest,"  and  Z,  intensity  of  the  component  of  the 
sound  on  the  left  side,  was  "  weakest,"  the  perceived  sound  was  projected 
toward  /-. 

2.  When  R  was  "stronger"  and  L  "weaker"  the  perceived  sound 
was  projected  toward  fr. 

3.  When  R  and  L  were  "equal  "  the  perceived  sound  was  projected 
toward  f. 

4.  When  R  was  "weaker"  and  L  "stronger"  the  perceived  sound 
was  projected  toward  ft. 

5.  When  j?  was  "weakest"  and  L  "strongest"  the  perceived  sound 
was  projected  toward  /. 

The  next  subject  was  Dr.  C.  E.  Seashore,  assistant  in  the  laboratory. 
He  knew  where  the  two  telephones  were  placed  and  how  the  intensities 
would  be  varied.  The  results  were  practically  the  same  as  those  of  the 
first  observer.  The  only  difference  was  that  the  second  observer  could 
distinguish  finer  differences  of  direction  than  the  first  observer  could. 
This  suggested  the  possibility  of  having  the  results  stated  in  a  scale  of 
degrees.  This  was  tried  with  success  on  Mr.  C.  Wakamatsu,  a  young 
Japanese  student  of  science,  who  was  totally  ignorant  of  the  method  of 
the  experiment  and  the  arrangement  of  the  apparatus. 
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Before  stating  the  results  it  must  be  made  clear  that  the  exact  relation 
between  the  intensity  of  the  electric  current  and  the  intensity  of  the 
telephone  sound  is  not  known,  and  that  the  rate  of  change  in  the  inten- 
sity of  the  current  which  corresponds  to  the  distance  of  the  secondary 
coil  from  the  primary  can  not  be  numerically  stated.  All  we  can  say  is 
that  the  intensity  of  the  telephone  sound  increases  with  the  increase  of 
the  induced  current  and  that  the  intensity  of  the  induced  current  be- 
comes stronger  as  the  secondary  coil  is  moved  nearer  to  the  primary  coil. 
The  rate  of  change  in  the  intensity  is  not  constant ;  in  the  particular 
instrument  employed  it  is  rather  rapid  between  2l?m  and  4cm,  slow  between 
4cm  and  9™  and  rapid  again  beyond  Qcm.  It  must  also  be  noted  that  we 
cannot  average  directly  the  results  for  several  days  ;  owing  to  the  nature 
of  the  experiment  we  can  not  keep  all  the  conditions  perfectly  constant 
during  different  days.  Slight  changes  in  the  positions  both  of  the  tele- 
phones and  the  head  of  the  observer  and  minor  errors  in  apparatus  were 
sufficient  to  produce  somewhat  varying  results.  I  am,  therefore,  com- 
pelled in  all  succeeding  experiments  to  take  the  average  of  the  results 
of  experiments  conducted  within  a  few  hours  on  the  same  day,  during 
which  the  above  mentioned  conditions  could  be  kept  tolerably  constant. 
On  the  present  occasion  no  attempt  will  be  made  to  establish  a  numerical 
relation  between  the  variation  in  the  relative  intensities  of  the  two  sounds 
and  the  variation  in  the  localization  of  the  perceived  sound.  We  must 
be  satisfied  if  the  general  dependence  of  the  latter  upon  the  former  is 
proven. 

Table  VI. 
Case  I.  Case  II. 


Distance  of  the 

Distance  of  th 

e 

secondary  coil 

Number  of 

secondary  coi 

1 

Number  of 

for  the  left 

Localization. 

experiments. 

for  the  right 

Localization. 

experiments. 

telephone. 

telephone. 

10™ 

fr  5o° 

3 

I0cm 

ft    8o° 

2 

9 

/>■  27-5 

2 

9 

ft   75 

2 

S 

fr  25 

2 

8 

ft   60 

2 

7 

/r  22.5 

2 

7 

ft   41-7 

3 

65 

fr  18 

2 

6-5 

bl    70 

2 

6 

/;-  IO 

1 

6 

/ 

2 

5 

ft     °-5 

2 

5 

/or  b 

2 

4 

ft     0.5 

2 

4 

fr  60 

2 

3 

ft   25 

2 

3 

fr  60  or  br  60 

2 

2 

ft  27-5 

2 

2 

fr  60 

2 

1 

ft   55 

2 

1 

/;-  60 

2 

05 

ft   75 

1 

o5 

fr  82.5 

2 

In  Case  I  the  probable  error  varies  from 
o  to  ±  30%. 


In  Case  II  the  probable  error  varies  from 
o  to  d=  8%. 
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The  averages  for  the  experiments  are  given  in  Table  VI.  Case  I  gives 
the  results  when  the  left  sound  was  varied  while  the  other  was  kept  con- 
stant, and  Case  II  gives  the  results  when  the  right  sound  was  varied  and 
the  other  was  kept  constant.  In  these  and  subsequent  similar  experiments, 
the  observer  announced  the  direction  of  the  perceived  sound  in  a  scale  of 
grees,  taking./  and  b  aso°  and  counting  toward  r  and  /.  For  example, 
fr  6o°  means  that  the  sound  is  in  the  front  6o°  toward  r  and  br  6o°  means 
that  the  sound  is  in  the  rear  6o°  toward  r. 

To  eliminate  the  effect  of  suggestion  the  experiments  were  made,  as  in 
the  preceeding  section,  in  an  irregular  order. 

The  general  relations  which  were  stated  on  page  18  are  shown  here  more 
plainly.  The  transition  of  the  perceived  direction  according  to  the 
change  in  the  relative  intensities  of  the  two  sounds  is  not  only  more 
gradual,  but  more  minutely  scaled.      Figure  3  shows  diagrammatically  the 

results  of  the  experiments.1  This  figure 
and  the  similar  figures  in  the  following 
pages  represent  the  mental  field  of  locali- 
zation of  sound.  The  median  plane  of 
the  auditory  field  coincides  with  the  real 

P 

median  plane  of  the  head,  but  the  mental 
right  and  left  do  not  seem  to  lie  exactly 
in  the  frontal  plane  of  the  head.  The 
directions  that  appear  to  us  a  right  and 
left,  seem  to  lie  slightly  in  front  of  the 
auditory  axis.  The  apparent  right  and 
left  seem  to  be  determined  by  visual  sensations  and  consequently  to  lie  in 
a  line  tangent  to  both  eyes.  This  seems  to  afford  some  explanation  of  the 
fact  that  we  localize  the  preceived  'sound  slightly  in  the  back  of  the  ap- 
parent right  and  left  line  when  the  two  component  sounds  have  the  maxi- 
mum relative  difference  in  intensity. 

In  comparing  the  localizations  of  Case  II  with  those  of  Case  I  we  find  that 
the  latter  is  surer  and  finer  than  the  former.  In  Case  II  we  find  not  only 
a  less  careful  angular  scale,  but  sometimes  a  bewilderment  of  judgment 
as  to  whether  the  sound  came  from  the  front  or  from  the  rear.  This 
difference  seems  to  have  its  origin  in  the  difference  in  sensitiveness  be- 
tween the  two  ears  of  the  observer.  The  sensitiveness  of  each  ear  of  the 
observer  was  examined  bv  means  of  the  audiometer2  and  it  was  found 


1    ; 


■In  this  and  the  next  figures  the  full  lines  represent  Case  I  and  the  dotted  lines 
Case  1 1 . 

2  According  to  the  method  described  by  SCRIPTURE,  Threshold  of  intensity  for  sound) 
Stud.  Vale  Psych.  Lab.,  1896  IV  103. 
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that  the  ratio  of  the  sensitiveness  of  the  right  ear  to  that  of  the  left  ear 
was  as  10  to  n.  It  is  probable  that  the  discriminating  ability  for  the 
change  in  the  intensity  of  a  sound  depends  upon  the  sensitiveness  of  the 
ear.  As  the  right  ear  of  the  observer  was  less  sharp  than  the  left  ear, 
the  discriminating  ability  of  the  former  would  be  less  than  that  of  the  lat. 
ter.  Accordingly,  when  the  variable  soundwas  on  the  left  side  and  the 
constant  sound  was  on  the  right  side  the  difference  between  the  intensities 
of  the  two  sounds  would  be  more  accurately  perceived  than  when  the  sounds 
were  given  in  the  other  way. 

Moreover,  when  the  variable  sound  was  on  the  right  side  and  the  con- 
stant sound  on  the  left  side  the  observer  tended  sometimes  to  localize 
the  perceived  sound  in  the  rear  hemisphere  instead  of  the  front,  or  some- 
times he  could  not  decide  whether  the  sound  was  front  or  back,  though 
he  perceived  the  angular  displacement  of  the  sound  from  o°,  for  ex- 
ample, he  could  not  decide  whether  the  sound  came  from  /or  b,  fr  6o° 
or  br  6o°.  The  same  uncertainty  will  be  found  again  in  later  experi- 
ments. The  cause  of  such  confusion  between  front  and  back  location, 
as  we  may  call  it,  must  be  sought  in  the  similarity  of  the  relation  be- 
tween intensities  with  which  the  sounds  situated  in  the  two  directions  in 
question  are  received  by  the  two  ears  respectively.  This  point  will  re- 
ceive special  consideration  later. 


Tabi. 

E   VII. 

Case  I. 

Case  II. 

Distance  of  the 

Distance  of  the 

secondary  coil 

Localisation 

Number  of 

secondary  coil 

Localization. 

Number  of 

for  the  left 

experiments. 

for  the  right 

experiments. 

telephone. 

telephone. 

I2cm 

br 

700 

I 

I2cm 

/ 

900 

I 

II 

br 

52.5 

2 

11 

IO 

br 

45 

3 

10 

bl 

75 

3 

9 

br 

31 

4 

9 

bl 

72 

3 

S 

br 

10 

1 

8 

bl 

20 

3 

7 

b 

1 

7 

br 

5 

3 

6.5 

bl 

5 

4 

6.5 

br 

13 

3 

6 

bl 

25 

4 

6 

br 

40 

3 

5 

bl 

3° 

3 

5 

br 

66.7 

3 

4 

bl 

57 

5 

4 

br 

23-3 

3 

3 

bl 

5° 

3 

3 

br 

S3- 3 

3 

2 

I 

90 

2 

2 

r 

90 

3 

I 

I 

90 

2 

1 

r 

90 

3 

In  Case  I  th 

e  probable  error  varies  from 

In  Case  II  the  probable  error  varies  from 

O  to  ±  H%. 

O  to  zb  32%. 

We  must  at  any  rate  conclude  that  the  dependence  of  the  localization 
upon  the  relative  difference  between   the  intensities  of  the  impressions 
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Fig.  4. 


in  the  two  ears  does  not  necessitate  that  the  perceived  sound  will,  under 
the  conditions  of  our  experiments,  always  be  localized  forward.  It  is 
quite  reasonable  to  suppose  that  the  perceived  sound  will  sometimes  be 
localized  backward  under  the  same  conditions,  especially  when  the  inten- 
sity o\  the  perceived  sound  is  weakened  on  account  of  physical,  physi- 
ological or  mental  circumstances.  In  connection  with  this  the  results  of 
experiments  upon  another  person,  Mr.  W.  S.  Johnson  (a  student  of  psy- 
cho!  -      .   are    interesting.      He  localized  all  sounds  backwards.     The 

average  results  of  the  experiments  upon 
him  are  shown  in  Table  VII.  Case  I 
gives  the  results  when  the  sound  of  the 
left  telephone  was  varied,  and  Case  II 
the  results  when  the  sound  of  the  right 
telephone  was  varied  Figure  4  shows  the 
results  diagrammatically. 
The  preceding  experiments  were  made  without  any  previous  practice, 
and  the  observers  were  required  to  tell  only  the  direction  of  the  perceived 
sound.  It  was  found  that  after  some  practice  an  observer  could 
tell  not  only  the  direction,  but  also  the  distance,  of  the  perceived 
sound.  So  the  experiments  were  repeated  upon  Mr.  C.  Wakamatsu 
to  determine  what  would  be  the  apparent  distance  of  the  sound.  By  this 
time  the  observer  was  somewhat  practiced  in  the  work,  and  the  judg- 
ments were  more  definitely  announced  than  in  the  previous  experiments. 
The  following  table  shows  the  average  results.  The  Japanese  unit  ' '  sun  ' ' 
was  used  by  the  observer  in  estimating  the  linear  distances.  One  "sun  '" 
is  equal  to  3.03  cm.  nearly. 

Table  VIII. 
Case  I . 

Number 
of  experi- 
ments. 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

In  Case  I  the  probable  error  for  direction  varies  from  o  to  ±  8%  and  that  for  distance 
varies  from  oto  =  3%. 
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direction. 
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I2cm 

/;-76° 

7-38uo 
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II 

/,-67 
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IO 

fr-o 
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«) 

9 
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10 
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7-7 
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ft  70 

5 

'5 
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(II) 

3 

//  80 

3-3 

IIOI 

2 

ft  83 

3 

1 
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3 
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Case 

II. 

Distance  of  the 
secondarj-  coil 
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for  the  right 
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direction. 
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2 
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8 
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3 
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3 

6 
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5 
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3 
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4-5 

(14) 

3 

3 

r  90 
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(IO) 

3 

2 

r  90 

3 

(  9) 

2 

I 

;-  90 

3 

(  9) 

1 

In  Case  II  the  probable  error  for  direction  varies  from  0  to 
varies  from  o  to  ±  H%- 


3%  and  that  for  distance 


Figure  5  shows  diagrammatical])' the  results  for  Case  I  and  Figure  6  the 
results  for  Case  II. 


Fig.  5. 


Fig.  6. 


The  judgment  of  direction  was  surer  in  Case  I  than  in  Case  II,  as  in  the 
preceding  experiments  on  the  same  person.  In  Case  II  the  sound  which 
was  perceived  under  the  same  conditions  was  at  one  time  projected  at /and 
another  time  at  b,  or  the  sounds  which  were  at  one  time  projected  aty? 
200  and  fl  300  were  at  another  time  projected  at  bl  200  and  bl  300  re- 
spectively. 

As  to  the  perception  of  distance  the  intensity  of  the  perceived  sound 
seems  to  furnish  the  data  for  the  judgments.  In  the  above  experiments 
the  intensity  of  the  variable  sound  was  strongest  when  the  secondary  coil 
was  at  the  distance  of  icm ;  it  grew  less  strong  as  the  distance  was 
greater,  and  became  weakest  at  1 2cm.  Accordingly  the  distance  of  the 
sound  was  perceived  as  least  when  the  secondary   coil   was  icm  distant 
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from  the  primary,  and  it  was  per*  eived  to  be  greater  as  the  coil  was  moved 
towards  the  other  end  of  the  scale.  The  gradual  change  in  the  distance 
according  to  the  change  in  the  intensity  is  clearly  seen  in  the  results. 

The  observer  seemed  to  choose  a  certain  intensity  as  a  standard  to 
which  he  ascribed  a  certain  distance;  the  distance  of  another  sound 
seemed  to  be  judged  by  comparing  its  intensity  with  this  standard  inten- 
sity. As  a  consequence  the  estimate  of  distance  is  different,  at  least  so 
far  as  our  experiment  goes,  in  different  individuals.  This  can  be  seen 
by  comparing  the  above  results  with  the  following  results  which  were  ob- 
tained by  making  the  same  experiment  on  the  observer,  Mr.  W.  S. 
Johnson,  in  whose  case  all  sounds  were,  as  before,  projected  towards  the 
back.      He  estimated  the  distance  in  inches  (i  inch  =  2j4'm)- 


1 
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17%  and  that  for  distance 


Case  II. 
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direction. 
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telephone. 

1  ; 

/    900 
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6 

'5 

In  Case  II  the  probable  error  for  direction  varies  from  o  to 
varies  from  O  to  ±9%. 
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4 
4 
4 
4 
4 
4 
4 
4 
1 

:  165?  and  that  for  distance 


Researches  on  acoustic  space.  25 

Thus  in  Johnson's  case  the  greatest  distance  was  60  inches  (i5ocm), 
while  in  the  case  of  Wakamatsu  it  was  about  12  inches  (30cm)  ;  the 
shortest  distance  was  6  inches  (i5c'u)  in  the  case  of  the  former  and  3.7 
inches  (9™)  in  the  case  of  the  latter. 

In  the  preceding  experiments  the  intensity  of  the  sound  was  not 
changed  in  regular  succession,  for  it  was  desirable  to  eliminate  the  in- 
fluence of  suggestion  from  the  results.  It  seemed,  however,  desirable  to 
repeat  the  experiments  by  changing  the  intensity  of  sound,  both  de- 
scending and  ascending  in  regular  order.  The  average  results  of  the  ex- 
periments conducted  in  this  way  are  given  in  Table  X.  Here  the 
changes  in  the  direction  and  the  distance  were  perceived  with  greater 
regularity,  but  in  other  respects  the  results  were  not  greatly  different  from 
those  of  the  preceding  experiments. 

Figures  7  and  8  show  the  results  diagrammatically. 

In  closing  the  experiments  of  the  first  group  I  tried  to  see  whether  a 
curve  of  the  localized  points  for  the  perceived  sounds  could  be  ob- 
tained if  the  two  sounds  were  given  continuously  for  a  certain  length  of 
time  during  which  the  intensity  of  one  of  the  two  component  sounds  was 
varied  in  diminuendo  or  in  crescendo.  The  experiments  were  made  on 
the  observer  C.  W. 

a.  When  the  intensity  of  the  left  sound  was  changed  in  diminuendo, 
by  sliding  the  secondary  coil  from  icm  to  i5cm,  while  keeping  the  inten- 
sity of  the  right  sound  constant,  the  sound  was  perceived  as  if  travelling 
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In  Case  II  the  probable  error  for  direction  varies  from  o  to  ±  l8%  and   that  for  dis- 
tance from  o  to  r 
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Fig.  7. 


Fig.  8. 


from  fl  80 °  or  /  900,  3'""  (9 m),  passing  to  the  front  at  a  distance  of 
69un  (i8cm)  and  stopping  at  fr  8o°,  or  ^  900,  12"'"  (36cm),  so  that 
the  point  of  localization  described  a  semi-oval  ring  with  narrow  end 
directed  to  the  right  of  the  observer. 

When  the  intensity  of  the  left  sound  was  varied  in  crescendo  by  slid- 
ing the  secondary  coil  in  the  reverse  way,  the  perceived  sound  started  at 
fr  8o°,  io"m  (3orm),  passed  to  the  front  at  a  distance  of  7s1'"  (2icm) 
and  stopped  at  /  900,  4"""  (12™').  Sometimes  after  the  sound  had 
reached  about  fl  6o°  the  observer  became  uncertain  whether  the  sound 
travelled  in  front  from  that  point  to  /  900  or  travelled  in  back  from  bl 
6o°  to  /900. 

b.   When  the  intensity  of  the  right  sound  was  varied  in  diminuendo, 
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and  that  of  the  left  sound  was  kept  constant,  the  sound  was  perceived  as 
if  travelling  from  r  90 °,  35an  (9™),  passing  to  the  front  and  stopping 
at  /  90 °,  8sun,  24om.  The  sound  seemed  sometimes  to  travel  in  the 
rear,  though  at  some  points  it  was  uncertain  whether  the  sound  was  to  the 
rear  or  the  front. 

When  the  intensity  of  the  right  sound  was  varied  in  crescendo  the 
sound  seemed  to  start  at  b/8o°,  iosuu  (3ocm)  and  travelling  to  the  rear, 
to  stop  at  br  8o°,  4sun  (i2cm). 

This  completes  the  record  of  the  first  group.  The  results  show  con- 
clusively the  existence  of  a  continuous  functional  relation  between  the 
relative  difference  in  intensity  (between  the  impressions  in  the  two  ears) 
and  the  localization  in  direction. 

Moreover,  it  can  be  considered  as  established  that  a  perceived  sound 
is  located  on  the  side  from  which  the  stronger  sensation  is  received, 
the  greater  the  relative  difference  between  the  two  sensations,  the  greater 
being  the  angular  magnitude  of  the  side-localization. 

Second  group. 

When  we  perceive  a  sound  as  situated  in  the  horizontal  plane,  the  in- 
tensities of  the  sensations  in  the  two  ears  are  always  different,  except 
when  the  source  of  sound  is  situated  in  the  sagittal,  or  fb,  axis.  The 
difference  between  the  two  intensities  is  greatest  when  the  sound  is  situ- 
ated nearly  in  the  auditory,  or  rl,  axis,  for  here  the  difference  of  dis- 
tances between  the  source  of  the  sound  and  the  two  ears  is  greatest.1 
When  the  source  of  sound  moves  gradually  from  the  auditory  axis 
and  at  the  same  time  approaches  the  sagittal  axis  this  difference  be 
comes  smaller.  It  has  also  been  shown  in  the  first  group  of  experiments 
that  the  localization  depends  upon  the  value  of  the  difference  between 
the  intensities  of  the  sensations  in  the  two  ears.  From  these  two  facts  it  is 
to  be  expected  that  when  each  ear  is  affected  by  two  sounds  coming  from 
symmetrical  points  on  the  two  sides  respectively  the  limits  within  which 
the  perceived  sound  is  localized  will  be  different  according  to  the  posi- 
tions of  the  symmetrical  points. 

We  have  already  studied  the  field  of  localization  of  the  perceived 


1  It  must  be  noticed  here  that  even  when  the  two  ears  are  equally  sharp  the  difference 
between  the  intensities  of  the  sounds  heard  by  the  two  ears  cannot  be  determined  simply  by 
taking  the  inverse  ratio  between  the  squares  of  the  distances  from  the  sound  to  the  ears. 
When  an  exact  expression  is  wanted,  we  must  take  into  account  the  effects  of  the  refrac- 
tion of  the  sound-waves  around  the  head,  the  reflection  of  the  sound  from  the  surrounding 
walls,  and  of  the  conduction  of  the  sound  from  one  tympanum  to  the  other  through  the 
head  . 
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sound  when  two  objective  components  are  placed  at  r  and  /,  that  is,  when 
the  relative  difference  in  intensity  between  the  impressions  in  the  two  ears 
is  greatest.  In  that  case  the  field  of  localization  covered  almost  an  entire 
semicircle  either  in  front  or  in  back,  and  sometimes  covered  more  than 
an  entire  semicircle.  Our  next  task  is  to  inquire  whether  this  field  of 
localization  would  be  contracted  if  the  relative  differences  were  made 
smaller.  To  answer  the  question,  experiments  were  made  on  the  ob- 
server  C.  W.  under  the  following  conditions: 

i.   Two  telephones  were  situated  at//-  6o°  and  A  6o°  respectively. 

2.  Two  telephones  were  situated  at/r  300  and  fl  300  respectively. 

3.  Two  telephones  were  situated  at  br  6o°  and  bl  6oc  respectively. 

4.  Two  telephones  were  situated  at  br  30 °  and  bl  30 °  respectively. 
The  average  results  of  the  experiments  under  condition  1.  are  shown 

in  Table  XI. 

Table  XI. 

r:  I. 


Distance    of  sec- 
ary  coil  for 
left  telephone. 


Judgment  of 
direction. 


Judgment  of 
distance. 


^Iom 


12™  /;-  46. 70  10.3" 

II  /;'40.8  10. 

10  /;-  18.3  II.  I 

9  fr  10  II 

8  ft  21.7  9.1 

7  ^46.7  8.4 

6  ft  50.8  6.9 

5  y?56.6  5.9 

4  fl  60  4.9 

3  ./?  6°  4-3 

2  ft  62  3.9 

1  y?6o  3.5 

The  number  of  experiments  on  each 
point  is  6. 

In  Case  I  the  probable  error  for  direc- 
tion varies  from  o  to±  57%>  ail(l  tnat  f°r 
distance  from  ±  3%  to  —  13%. 


J*     ) 

(3o) 
(33) 
(33) 

(27) 

(25) 
(21) 

(18) 
(X5) 
(13) 
(12) 

(") 


Distance    of  sec- 
ondary coil  for 
right  telephone. 

12™ 

II 

IO 

9 
8 

7 
6 

5 
4 

3 
2 

1 


i    II. 

n:nt  of 
direction. 


y?36 
7?  23 

/     o 
/'■iS 

A  38 
A  48 

fr  45 

/;-  48 

A  48 

/'"  51 

/;•  48 


Judgment  of 
distance. 


6° 

7 

3 

7 
3 
3 

3 
3 

7 
3 


XI  sun 

IO.7 

II 

II 

9-9 

8.4 
6.9 

6-3 
6.4 
4.6 

4-3 
3-8 


(33cm) 

(3i) 

(33) 

(33) 

(3o) 

(25) 
(21) 

(19) 
(19) 
(14) 
(13) 
(11) 


In  Case  II  the  probable  error  for  direc- 
tion varies  from  ±  3%  to  dz  17%  and  that 
for  distance  from  T85%  to  8%. 


The  results  are  graphically  represented  in  Figures  9  and  10. 

Here  the  relative  difference  between  the  intensities  of  the  sensations  in 
the  two  ears  must,  for  external  reasons,  have  been  smaller  than  that  in  the 
] -receding  experiments.  The  field  of  localization  of  the  perceived  sound 
was  accordingly  much  more  contracted.  When  the  sound  of  the  left 
telephone  was  varied,  the  field  covered  a  sector  included  between  fl  62 ° 
and/r46-7°.  When  the  sound  of  the  right  telephone  was  varied,  the 
field  was  still  more  contracted,  covering  a  sector  included  between  fl  36. 6° 
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and/r  5 1 . 7  °.  In  both  cases  most  of  the  perceived  sounds  were  projected 
on  the  side  on  which  the  source  of  the  variable  component  sound  was 
situated.     Again,  in  both  cases  no  perceived  sound  was  projected  back- 


Fig.  9. 


Fig.  10. 


ward,  and  no  doubt  existed  as  to  the  position  of  the  perceived  sound,  as 
was  the  case  when  two  telephones  were  situated  at  right  and  left.  The 
average  results  of  the  experiments  under  condition  2.  are  given  in  Table 
XII. 


Case  I. 

Distance  of  the 
secondary  coil   Judgment  of 
direction. 


for  the  left 
telephone. 

II 
IO 

9 
8 

7 

6.8 

6 

5 
4 

3 
2 

1 


fr  36. 7< 
A  35 
/>■  30 
fr  26.7 
fr  20 
fr     7 

/    o 
ft  16.7 
fl  16.7 
ft  3o 
^36-7 
ft  40 

fl  40 


Table  XII. 

Distance  of  the 
Judgment  of     secondary  coil 
distance.         for  the  right 
telephone. 


T  t    ->sun 


•3 
i] 
i] 
10 
10 

9-3 

9 

6.5 

5-7 

5 

4-5 


(34cm) 
(34) 
(34) 
33  I 

(34) 
1  30) 
(3o) 
(28) 

(27) 
(19) 
(17) 
(15) 
(13) 


t  <jcm 

II 
IO 

9 
8 

7-5 

7 

6 

5 
4 

3 
2 
1 


Case  II. 

Judgment  of 
direction. 

ft$°° 

y?46-7 
ft  33-3 
ft  36.7 
ft  23-3 
f  o 
fr  3-3 
fr  20 

A  367 

fr  40 

A  33-3 
fr  40 

A  36.6 


Judgment  of 
distance. 


q8uh 
IO 

9-3 
10 

9-3 
10 

9-5 
9-3 
8-3 
6-3 
6 

4-3 
4.6 


The  number  of  experiments  on  each  point 
is  3. 

In  Case  I  the  probable  error  for  direction 
varies  from  o  to  ±  31%  and  that  for  dis- 
tance from  o  to  10%. 


In  Case  II  the  probable  error  fo 
tion  varies  from  o  to  dr  19%  and 
distance  from  o  to  ±  10%. 


27cm) 

30) 
28) 

3o) 
28) 

3o) 
28) 
28) 
25) 
19) 
18) 

13) 

14) 

direc- 
hat  for 


Figures  1 1  and  1 2  represent  these  results  graphically. 
In  Case  I  the  field  of  localization  covered  a  sector  included  between 
fr  36.  70  andy?  400  and  in  Case  II  it  covered  a  sector  included  between 
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;o°  and  />•  400.     The  observer  was  sure  of  his  judgments  and  never 
projected  the  sound  backward.      The  tendency  to  project  the  perceived 
nd  more  on  the  side  on  which  the  source  of  the  variable  sound  was 
situated  was  lessened  here,  and   the  localizations  were  more  evenly  dis- 
tributed. 


Fig.   11. 


Fig.   12. 


A  similar  contraction  of  the  field  of  localization  of  the  perceived  sound 
was  observed  with  the  same  subject  when  the  sources  of  sound  were  situ- 
ated behind  the  observer.  Here  we  noticed  that  the  perceived  sounds 
were  frequently  located  in  front.  Under  condition  3.,  when  the  in- 
tensity of  the  sound  on  the  side  of  the  sharper  ear  (left)  was  varied,  most 
of  the  perceived  sounds  were  located  in  front,  62  of  72  perceived  sounds 
being  decidedly  located  in  front.  On  the  contrary,  when  the  intensity  of 
the  sound  on  the  side  of  the  duller  ear  was  varied  most  of  the  perceived 
sounds  were  located  in  back,  though  some  of  them  were  located  in  front. 
Table  XIII  gives  the  average  results  for  the  experiments. 

Table  XIII. 


Instance  of  the 
secondary  coil 

Usual  localization. 

ance. 

Occasional  localization. 

for  the  left 
telephone. 

Direction. 

Dist 

/                  '                   \ 
Direction.                 Distance. 

j  1 

Jr  64° 

icrun 

(3Qcm) 

/*;-  700                6.5s"" 

(I9cra) 

11 

fr  56 

94 

(28) 

br  75                7 

(21) 

IO 

fr  44 

10 

(3o) 

br  70                  6.5 

19 

9 

fir  40 

9.6 

(29) 

br  30                  7 

(21) 

8 

J  8.5 

10 

(3°) 

br  20                  6.5 

(19) 

7 

fl  31 

9 

^7 

6 

flst.6 

6.9 

(21) 

5 

fl  60 

6.4 

(19) 

b/  40                  5 

('5) 

4 

fl  66.7 

4-5 

(14) 

3 

fl  7o 

3-8 

(«) 

2 

fl  72 

3 

(  9) 

bl  80                3 

(  9) 

1 

fl  80 

3 

(  9) 

bl  70                 3 

(  9) 

The  number  ot  experiments  on  each  point  is  6. 
In  Case  I  the  probable  error  for  direction  varies  from 
from  O  to  ±  1%. 


±  2%  to  6%  and  that  for  distance 
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Case  II. 


Distance  of  the 

secondary  coil 

for  the  right 

telephone. 

j2cm 

II 

IO 

9 


Usual  localization. 


Occasional  localization. 


7 
6 

5 
4 
3 

2 


Direction. 

bl  700 

bl  70 
fl  45 

bl  35 
/orb 
fr  or  br  30 

br  46.7 

07-  46.7 

^'53-3 
br  60 

^-63.3 
£;-  66. 7 


Distance. 


7- 3s 
8 
10 

7-3 
10 

8-5 
6.1 

4-3 
3-6 

3-3 

2.8 

3.2 


f  22cm 

(24) 
(30) 
(22) 

(30) 

(25) 
(18) 

(13) 

(«) 

(IO) 

(  8) 
(10) 


Direction. 


bl  700 
fl  20 
y";-  or  /';•  20 
f  ox  b 


IO 


IO 


Distance. 


(24cm) 
(3o) 


(24) 
(3o) 


In  Case  II  the  probable  error  for  direction  varies  from  o  to  ±  12%  and  that  for  distance 
from  o  to  ±  6%. 


Fig.  13. 


Fig.  14. 


Figures  13  and  14  show  these  results  diagrammatically. 

The  results  of  the  experiments  under  condition  4  are  given  in  Table 
XIV. 

Figures  15  and  16  show  the  results  graphically. 

These  results  show  that  the  field  of  localization  of  the  perceived  sound 
covered  larger  sectors  in  the  experiments  under  condition  3.  than  in 
the  experiments  under  condition  4.  In  the  former  it  covered  a  sector 
included  between  fr  64  °  andy?  80  °  in  front  and  a  sector  included  between 
br  750  and  bl  8o°  in  back,  while  in  the  latter  it  covered  a  sector 
included  between  fr  550  and  fl  56. 70  in  front  and  a  sector  included  be- 
tween br  60 °  and  bl  60 °  in  back. 
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1  »istan<  e  of 
the  secondary 

coil  for  the 
left  telephone. 

I  2   :" 

II 

IO 

9 

8 

7 
6 

5 
4 
3 

2 
I 


Table  XIV 

Case  I. 

Usual 

localization. 

1  Erection. 

Di 

stance. 

5°° 

qSUU 

(27>'">) 

A  35 

9 

(27) 

fc-43-3 

8 

1  24 

fr  35 

9 

(27) 

./>'  3° 

9 

(27) 

/or  b 

8-7 

(26) 

ft  20 

9 

(27) 

/  43-3 

6.8 

(20) 

ft  45 

5-5 

(16) 

/45 

5-5 

(16) 

^  43-3 

4.2 

(13) 

ft  AS 

4-5 

(13) 

I  Iccasional  localization. 


I  Erection. 


br  500 

fr  or  /</-  35 
£r  30 

/V30 

/V30 
y?  or  bl  50 

_/7  or  />/  50 


Distance. 


(24cm) 


9 
8 


5 
5 

3-5 


(27) 
(24) 

(21) 

(15) 
(15) 

(10) 


The  number  of  experiments  on  each  point  i-   i. 
In  Case  I  the  probable  error  for  direction  varies  from  o  to 
fmm  o  to  ±  28%. 


65%  and  that  for  distance 


Distance  of  the 

secondary  (oil 

for  the  right 

telephone. 

1 2cm 

II 

IO 

9 
8 

7 
6 

5 
4 

3 
2 
1 


Case  II. 

Usual  localization. 


(  Iccasional  localization. 


Direction. 

y?4o° 

.Z'53-3 

y/56.7 

ft  5° 
£  or  k 

f 

fr  55 
fr  45 
A  45 
^-40 

/''  45 
A  4° 


Distance. 

8sun  (24 

7-7  (23) 

7  (21) 

7-3  (22) 

7  (21) 

11  (33) 

6-5  (19) 

6  (18) 

6-5  (19) 

45  ii3) 

4  (12) 

3-3  do) 


Direction. 

Distance. 

tf  6o° 

nsun   /"  2  Icn1^ 

/40;  W30 

f 8  (24)  \ 

l'6(i8)J 

0r  40 

5      (15) 

br  40 

6      (18) 

fc-50 

4      (12) 

A  30 

4      (12) 

br  40 

3      (   9) 

'■'"-  5° 

3      (   9 

In  Case  II  the  probable  error  for  direction  varies  from  o  to  ±  8%  and  that  for  distance 
from  o  to        I 

Our  expectation  that  the  acoustic  field  would  be  contracted  more  as  the 
two  sources  of  sounds  approached  more  to  the  median  plane,  and  conse- 
quently the  relative  difference  between  the  intensities  of  the  sensations  in 
the  two  ears  would  grow  less,  was  realized  by  the  second  group  of  experi- 
ments. As  to  the  forward  and  backward  projection  of  the  perceived 
sounds  the  above  results  resemble  those  of  the  first  group  of  experiments, 
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where  it  was  asserted  that  the  cause  of  such  forward  and  backward  localiza- 
tion must  be  sought  in  the  equality  of  the  relation  between  the  intensities 
with  which  the  sounds  localized  in  the  two  directions  in  question  are  re- 
ceived by  the  two  ears  respectively.  In  a  similar  way  we  will  say  here 
that  the  forward  and  backward  projection  in  the  experiments  under  con- 
ditions 3.  and  4.  originates  in  the  resemblance  which  exists  between  the 
relative  differences  in  the  intensities  with  which  the  two  sounds  at  the 


Fig.  15. 


Fig.  16. 


back  are  heard  by  the  two  ears  and  the  relative  difference  in  the  intensities 
with  which  the  two  sounds  at  the  corresponding  points  in  front  are  heard 
by  the  two  ears,  for  otherwise  the  sounds  would  never  be  localized  both 
in  front  and  in  back  in  such  a  confused  way  as  shown  in  the  above  tables. 

3.  Previous  Tnvestigations. 

In  going  over  a  large  number  of  monographs  that  treat  of  the  localiza- 
tion of  a  sound  as  depending  on  the  intensities  with  which  the  vibratory- 
movements  affect  the  two  ears  we  find  several  that  are  of  special 
importance. 

We  must  first  notice  Seebeck's1  computation  of  the  intensities  with 
which  the  air-vibrations  from  a  sounding  object  reach  the  ears. 

Let  us  suppose  that  the  right  ear  is  turned  to  a  sonorous  body  and  the 
left  toward  a  wall.  Supposing  the  wave-length  of  the  sound  to  be  /,  the 
equation  of  the  vibratory  movement  will  be 


y  =  a  cos   2 


'(?+*)■ 


where  c  represents  the  velocity  of  the  propagation  of  the   sound,   /  the 
time,  y  the  extent  to  which  an  air  particle  is  displaced  at  the  moment  /, 

1  Seebeck,  Die  Zuriickwerfung  des  Schalles,  Annalen  d.  Physik  u.  Chemie  (Pog.gen. 
dorff),  1846  LVXIII  465. 
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<i  the  maximum  value  of  y,  and  r  a  constant  time-value  indicating  the 
phase.  If  the  time  be  counted  from  the  moment  at  which  the  value  for 
the  direct  wave  is  greatest  in  the  right  ear,  then  the  vibration  will  be  ex- 
pressed by 

ct 

y  =  ,7  cos   2-  —  . 

The  direct  wave  reaches  the  left  ear  in  two  ways.  The  first  way  is 
through  the  air  whereby  the  sound-waves  which  have  proceeded  to  the 
head  are  bent  round  to  the  ear.  Let  d  represent  the  additional  distance 
travelled  by  the  sound-wave  in  reaching  the  left  ear  around  the  head 
after  having  arrived  at  the  right  ear.  Then  the  vibration  in  the  left  ear 
will  be  expressed  by 

ct—d 

i  '  =  —  k  a  cos  2-  — ■ — , 

where  the  minus  sign  expresses  the  change  in  the  phase  and  k  is  a  posi- 
tive number,  which  expresses  the  weakening  of  the  sound  due  to  the  re- 
fraction around  the  head. 

In  addition  to  the  refracted  portion  the  ear  receives  vibrations  trans- 
mitted from  the  right  side  to  the  left  ear  through  the  solid  parts  of  the 

c 
head.      If  .  be  the  relation  between  this  route  and   the  wave-length — the 

latter  being  referred  not  to  the  air  but  to  the  solid  bony  substance,  then 

g 
is  a  very  small  quantity  for  all  usua 

in  the  left  ear  will  be  expressed  by 

ct—e 

y     =  i  COS    2"  : 

where  i  indicates  the  weakening  which  the  sound  suffers  on  this  second 
route.     If  we  add  together  these  two  components  for  the  left  ear,  we  have 

ct—d  ct—e  ct—d 

i      =  —  ka  cos  2-  -        -  +  la  cos  2-  — ■ —  =  pa  cos  2r.  — - — , 

y  /.  /.  1  / 


g 

-  is  a  very  small  quantity  for  all  usual  tones.     The  second  part  of  the  wave 


/ 


where  /  =     \/r  +  i*  —  2  ik  cos  2-  - 

d        .  I 

k  COS  2- I  COS  2T.    . 

and  cos  2-—  = 


;.  p 

As  for  the  reflected  wave,  it  will  be  expressed  for  the  left  ear  by 

ct  —  I 


y    =  —  yacos  2- 
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and  for  the  right  ear  by 

ct—l—8 

y  =  -f  qa  cos  2-  -  —  , 

where  the  factor  — q  indicates  the  weakening  of  the  sound  and  the 
change  in  the  phase  produced  by  the  reflection,  and  /  the  distance  from 
the  median  plane  of  the  head  to  the  wall. 

If  we  now  add  the  elements  which  proceed   from  the  direct  and  re- 
flected waves,  we  obtain  for  the  right  ear 


and  for  the  left 


yr  =  ax  cos  2 


yl  =  an  cos  2 


where  the  phase  differences  r:  and  ru  do  not  concern  us  for  the  present 
purpose,  but  a1  and  au  are  determined  by  the  equations 

ax  =  a~  I  1  -f  p'q-  +  2 pq  cos  2  -  -  I 

an   =  a~  ( f  +  lf  +  2/^  cos  2  "  —y  -)• 


These  quantities  give  the  intensities  of  the  two  physical  sounds  in  the  two 
ears  respectively,  for  the  latter  are  to  be  measured  by  the  squares  of  the 
amplitudes. 

It  should  be  in  criticism  that  the  direct  transmission  of  the  sound-waves 
through  the  skull  is  an  utterly  negligible  quantity,  but  that  the  transmis- 
sion from  one  tympanum  to  the  other  through  the  skull  is  a  very  impor- 
tant, though  undeterminable,  factor. 

We  must  next  consider  Steinhauser's  theory  of  binaural  audition.1 
He  worked  out  on  geometrical  principles  the  laws  which  determine  the 
relative  intensities  with  which  a  sound  will  reach  the  two  ears.  Accord- 
ing to  him  the  pinna  acts  as  a  funnel  to  conduct  into  the  ear  those  waves 
of  sound  which  in  consequence  of  their  direction  reach  but  could  not 
otherwise  enter  it. 

The  regions  of  direct,  indirect,  and  mixed  hearing  were  distinguished 
according  to  the  nature  of  the  path  by  which  the  sound  waves  reach  the 

1 STEINHAUSER,  The  theory  of  binaural  audition,  Phil.  Mag.,  1879  (5)  VII 
181,  261.  (This  is  a  translation  of  Steinhauser,  Die  Theoricd.  binauralen  Hor ens,  Wien 
1877.) 
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cars.  In  direct  hearing-  the  waves  proceeding  from  the  sonorous  body 
reach  the  car  in  a  straight  line  and  enter  the  auditory  meatus  directly.  In 
indirect  hearing  the  waves  proceeding  from  the  source  of  sound  do  not 
reach  the  car  in  straight  lines,  hut  after  undergoing  reflection  from 
external  objects.  In  mixed  hearing  the  waves  reach  the  ear  partly 
directly  and  partly  indirectly. 

The  formula  deduced  by  Si  einhauser  for  direct  hearing  is  as  follows  : 
Let  ,;  be  the  angle  between  the  plane  of  the  pinna  and  the  line  of  sight, 
and  '/.  the  angle  which  the  line  of  sight  makes  with  the  direction  of  the 
sound  ;  and  let  t\  and  /.,  represent  the  relative  intensities  with  which  the 
sound  is  heard  in  the  two  ears  ;  then 

tan  a  :  tan  /3  : :  i\  —  /2  :  /,  -f  /, . 

The  direction  in  which  a  source  of  sound  is  situated  may,  therefore,  be, 
according  to  Steinhauser,  estimated  by  the  different  intensities'  with 
which  a  sound  is  perceived  in  the  two  ears.  From  the  above  formula  the 
case  can  be  deduced,  in  which  Zj  = /2 .  We  have  then  tan  a  =  o  and 
hence  a  =  o  .  This  is  the  case  in  which  the  sound  is  just  in  the  direction 
of  the  line  of  sight. 

If  a  source  of  sound  is  situated  in  the  region  of  indirect  hearing,  no 
waves  of  sound  can  reach  the  surface  of  either  of  the  pinnae  directly  ;  the 
sound  produced  by  the  sonorous  body  can  evoke  a  sensation  as  the  results 
of  reflection,  provided  we  neglect  the  possible  conduction  of  sound 
through  solid  bodies  and  by  refraction  around  the  head  and  pinnae.  Let 
a  be  the  angle  which  the  rays  of  sound  make  with  the  line  of  sight  before 
reflection,  ar  the  angle  they  make  after  reflection,  and  o  be  the  comple- 
mentary of  the  angle  which  the  line  of  sight  makes  with  the  surface  which 
reflects  the  rays  of  sound  ;  then  by  a  geometrical  operation 

a   =-20  —  '/. 

That  which  is  heard,  therefore,  indirectly  in  the  direction  a  makes  the 
same  impression  as  that  heard  directly  in  the  direction  ar;  in  which  case  «r, 
whose  value  is  dependent  on  c,  may,  without  any  change  of  the  direction 
of  the  waves  of  sound,  assume  an  indefinite  number  of  different  values, 
since  the  position  of  the  reflecting  surface  may  as  well  be  any  other  than 
it  is,  or  there  may  be  many  reflecting  surfaces. 

If  a  source  of  sound  is  situated  in  the  region  of  mixed  hearing,  then 
the  direct  rays  of  sound  can  reach  only  one  of  the  two  pinnae,  while 
both  may  be  reached  by  the  indirect  rays.  Accordingly  let  i\  be  the  in- 
tensity with  which  the  direct  rays  of  sound  affect  one  ear,  and  px  the 
increment  of  that  intensity  due  to  the  effect  of  reflexion.     Let  ,«.,  be  the 
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intensity  of  the  sensation  in  the  right  ear,  due  to  the  reflexion  alone. 
Then,  on  summing  up  the  indirect  and  direct  effects,  the  following  equa- 
tion is  obtained  : 

tan  a  =  l}  +  Pl  ~  p*  tan  ,5. 

h  +  l\  +  f-2 

Hence,  by  calculation,  we  can  find  the  angle  within  the  region  of  direct 
hearing  in  which  the  source  of  sound  is  erroneously  imagined  to  lie. 

Steinhauser  devised  an  instrument  called  homophone,  wherewith  to 
test  his  theory.  It  consisted  of  a  system  of  wooden  tubes  for  bringing  to 
the  ears  the  sounds  of  two  organ-pipes  tuned  to  unison,  whose  respective 
intensities  could  be  regulated  by  stop  cocks.  It  was  held  by  its  inventor 
to  confirm  his  theory. 

The  observation  that  by  binaural  audition  the  image  of  the  perceived 
sound  is  localized  apparently  in  the  occipital  region  of  the  head  was 
made  first  by  Purkvne.1  In  his  experiments  it  was  shown  that  when  a 
tone  was  conducted  simultaneously  to  the  two  ears  separately  by  means 
of  rubber  tubes  the  acoustic  image  was  not  perceived  in  the  ears,  but  was 
perceived  in  the  occipital  region  of  the  interior  of  the  head. 

An  apparently  similar  localization  of  the  sound  in  the  occipital  or 
frontal  region  was  observed  by  several  subsequent  investigators,  such  as 
S.  P.  Thompson,2  Plumaudox,3  Urbantschitsch/  and  Kessel.5 

Politzer6  emphasized  the  fact  that  for  the  perception  of  the  direction 
of  a  sound  the  fact  of  binaural  hearing  was  requisite.  He  made  numer- 
ous experiments  upon  normal  and  abnormal  persons  and  found  that  in 
monaural  audition  the  sound  was  localized  on  the  side  of  the  open  ear. 
When  a  watch  was  moved  in  the  horizontal  plane  and  heard  with  one  ear 
closed,  the  tick-tick  was  localized  on  the  side  of  the  open  ear  even  when 
the  watch  was  moved  some  distance  farther  to  the  other  side  of  the  me- 
dian plane.  The  perception  of  the  position  of  the  sound  became  more 
difficult  when  the  sound  was  moved  further  toward  the  closed  ear.  In 
the  case  of  persons  who  suffered  from  diseases  of  the  ears  a  similar 
error  was  observed,  a  mistake  of  1800  for  perceiving  the  direction  of  a 
sound  being  often  made.     The  diminution  of  the  localizing  power  was 

1  Purkvne,  Prager  Vierteljahresschrift,  i860  III  94. 

^THOMPSON,  On  binaural  audition,  Phil.  Mag.,  1877  (5)  IV  274  ;  1S77  (5)  VI  283. 

3Plumaudon,  The  Telegraphic  Journal,  London,  Sept.  1879. 

*  URBANTSCHITSCH,  Zur  Lehre  von  der  Schallcmpfindung,  Arch.  f.  d.  ges.  Physiol. 
(Pfluger),  1881  XXIV  574. 

5  Kessel,  Ueber  die  Function  der  Ohrtmtschel  bei  den  Raumwakrnekmungen,  Arch. 
f.  Ohrenheilk.,  1882  XVIII  120. 

6Politzer,  Studien  uber  die  Paracusis  loci,  Arch.  f.  Ohrenheil.,  1876  XI  231. 
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served  also  in  persons  who  suffered  from  hard  hearing  of  one  or  both 
ears.  With  many  persons  the  mistakes  of  localization  were  first  noticed 
when  they  were  subjected  to  a  special  test.  He  ascertained  also  that  in 
binaural  audition  the  localization  was  especially  defective  for  a  sound  in 
the  median  plane,  where  the  source  of  sound  was  equally  distant  from. 
the  two  ears. 

Thompson  noticed,  during  his  experiments  on  binaural  hearing,  an 
a<  oustic  illusion  due  to  the  fatigue  of  the  ear.  One  ear  was  fatigued  by 
listening  to  a  loud  pure  tone,  and  then  the  listener  tried  to  estimate  the 
direction  of  a  sound  of  the  same  pitch.  If  his  left  ear  were  fatigued  he 
would  invariably  imagine  the  source  of  the  sound  to  be  further  to  the 
right  than  it  really  was,  and  likewise  the  reverse.  The  illusory  displace- 
ment in  the  direction  of  the  sound  was  greater  as  the  fatigue  was  more 
complete.  But  as  the  sounds  of  different  pitch  have  to  stimulate  differ- 
ent fibres  of  the  basilar  membrane  of  the  cochlea,  it  would  be  expected 
that  the  fatigue  produced  by  a  sound  of  a  certain  pitch  would  have  no  ef- 
fect on  the  perception  of  a  sound  of  another  pitch.  According  to  Thomp- 
son's experiments,  when  one  ear  was  fatigued  with  a  c"  fork  no  illusory 
displacement  was  perceived  in  an  a"  fork. 

Tarchanoff1  found  that  when  telephones  were  held  opposite  the  ears 
and  intermittent  currents  were  sent  through  them,  the  perceived  sound 
was  localized  in  the  median  plane  and  that  it  was  perceived  outside  the 
plane  when  there  was  the  slightest  difference  between  the  intensities  of 
of  the  two  sounds. 

UrbantschitsCH  2  found  that  when  one  and  the  same  sound  of  a  certain 
intensity  was  led  into  the  two  ears  separately  by  means  of  a  T  tube,  one 
group  of  his  observers  perceived  the  sounds  as  being  in  the  right  and  left 
ears  with  equal  intensities,  whereas  another  group  perceived  the  sounds  in 
the  right  and  the  left  temporal  regions  of  the  head.  When  the  intensity 
increased,  these  two  sounds  seemed  to  expand  and  approached  nearer 
to  the  middle  of  the  head,  being  finally  brought  into  fusion  at  a 
sufficient  intensity.  Sometimes  besides  the  two  sounds  a  third  sound 
was  observed  in  the  center  of  the  head;  the  latter  was  perceived  after 
repeated  experiments  or  only  when  the  observers  paid  special  attention 
to  it.  A  large  proportion  of  the  observers,  when  very  attentive,  per- 
ceived the  sound — not  in  the  ears  but  in  the  interior  of  the  head. 
Finally,  there  were  some  observers  by  whom  the  sound  was  not  gener- 
ally located  in  the  head,  but  projected  in   front,  to   the   back,  or  above. 

•Tarchanoff,  St.  Petersburger  med.  Wochenschrift,  1S78,  No.  43. 
2URBANTS(  HITS<  u.  Ziir  Lchre  von  der  Schallempfindung,  Arcliiv  f.  d.  ges.    Physiol. 
(Pfluger),  1881  XXIV  574. 
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In  regard  to  the  intercranial  localization  there  were  some  individual  dif- 
ferences as  to  the  distinct  position  of  the  perceived  sound.  Some  local- 
ized it  in  the  occipital  region  of  the  head,  others  in  the  frontal  region  or 
in  the  forehead,  while  still  others  localized  it  in  the  nose  or  in  the 
pharynx.  Urbaxtschitsch  asserted  also  that  the  degree  of  fatigue  of  the 
ear  could  possibly  be  determined  by  observing  the  position  of  an  acous- 
tic image.  At  first  a  very  strong  sound  was  conducted  to  one  ear  for  a 
while  ;  then  weaker  sound  of  the  same  pitch  was  conducted  to  the  two 
ears  simultaneously.  The  acoustic  image  for  the  latter  case  was  found  at 
first  in  the  ear  which  was  not  fatigued  and  remained  there  for  a  few  sec- 
onds; then  the  image  travelled  gradually  towards  the  median  plane  and 
at  last  was  found  at  the  centre  of  the  head.  Urbantschitsch  explained 
the  phenomenon  in  the  following  way.  As  one  ear  was  very  strongly 
stimulated  in  the  beginning  it  was  fatigued  for  some  interval  of  time  and 
the  other  ear,  which  was  not  stimulated,  became  relatively  sharper. 
Consequently,  when  a  weaker  sound  was  conducted  to  the  two  ears 
simultaneously  the  sensation  in  the  latter  ear  was  evidently  stronger  and 
the  perceived  sound  was  located  on  the  side  of  that  ear.  But  the  other 
ear  began  to  recover  gradually,  and  at  the  same  time  the  sharper  ear  be- 
gan to  be  fatigued.  As  a  result,  the  perceived  sound  began  to  travel 
towards  the  median  plane  and  at  last  reached  the  center  of  the  head 
when  the  sharpness  of  the  two  ears  became  the  same. 

Kessel1  performed  his  experiments  by  inserting  tubes  from  a  funnel 
shaped  sound-receiver  into  the  ears,  thus  excluding  the  action  of  the 
pinnae.  The  sound  of  a  tuning  fork  was  conducted  into  the  two  ears  by 
this  apparatus.  When  the  tubes  were  of  the  same  length  and  were  opened 
equally  wide  the  ears  were  stimulated  with  the  same  strength  and  the  re- 
sulting single  sound  was  located  in  the  median  plane  of  the  head.  If  one 
of  the  tubes  was  more  or  less  pressed  so  that  the  two  ears  were  stimulated 
differently,  then  the  sound  was  perceived  in  the  ear  which  was  stimulated 
more  strongly. 

Kessel  made  another  interesting  experiment.  According  to  him  the 
principle  of  the  localization  of  a  sound  on  the  side  of  a  stronger  excitation 
holds  good  even  in  the  case  when  one  ear  is  not  directly  stimulated  by 
the  waves  of  the  sound,  but  stimulated  by  reflected  waves.  To  prove  this 
he  hung  a  watch  in  the  axis  of  a  parabolic  mirror  ;  the  head  of  the  ob- 
server was  adjusted  between  the  mirror  and  the  watch  so  that  the  two  ears 
were  opposite  them.  Then  the  watch  was  so  adjusted  that  the  reflected 
rays,  which  were  gathered  at  the  focus,  would  stimulate  the  ear  oppo- 

1  KESSEL,  Ueber  die  Function  der  Ohrmuschel  bei  den  Raumwahmehmungen,  Arch, 
f.  Ohrenheilk.,  1882  XVI II  120. 


40  .'/.    Matsuvwto, 

site  the  focus  more  strongly,  in  which  case  the  sound  was  localized  in  the 
direction  of  the  mirror.  If  the  watch  was  brought  nearer  to  the  ear  on  its 
side,  so  thai  the  direct  rays  of  the  sound  would  stimulate  this  ear  more 
strongl) .  then  the  sound  would  be  localized  on  the  side  of  the  watch. 

Rogdestwensky1,  one  of  TarchanofF's  pupils,  produced  sounds  at 
symmetrical  points,  and  observed  that  the  perceived  sounds  were  local" 

d  in  the  head,  breast  and  abdomen  according  to  the  difference  in  the 
height  of  the  symmetrical  points. 

To  exclude  the  function  of  one  ear  in  perceiving  the  direction  of  a 
sound,  Preyer2  made  experiments  by  using  a  telephone  instead, of  the 
snapper  sounder.  The  intensity  of  the  telephone  sound  was  weakened 
by  reducing  the  intensity  of  the  electric  current  so  that  by  stopping  the 
ears  the  sound  could  not  be  heard  by  the  subject.  Then  one  ear  was 
opened  so  that  the  sound  was  heard  by  that  ear  only.  The  result  of  the 
experiments  showed  that  under  such  conditions  errors  occurred  which 
were  not  observed  in  ordinary  perception,  and  it  was  often  very  difficult, 
even  with  a  strenuous  attention,  to  get  rid  of  these  errors.  These  errors 
were  localisations  on  the  wrong  side. 

Similar  experiments  were  afterwards  made  by  Arnheim3.  In  his 
experiments  the  number  of  correct  perceptions  with  one  ear  amounted  to 
only  22c/c  of  the  total,  while  with  both  ears  it  amounted  to  39.7%  (in 
Prever's  experiments  30%).  He  noticed  also  a  decided  tendency  to 
locate  the  perceived  sound  on  the  side  of  the  open  ear. 

Schaefer,4  who  had  made  elaborate  experiments  on  the  perception  of 
the  direction  of  sound  in  cooperation  with  Preyer,  attacked  a  peculiar" 
side  of  the  problem  at  a  later  date,  namely,  the  localization  of  beats  and 
difference  tones.      His  results  may  be  summarized  as  follows. 

If  the  relative  intensity  of  the  primary  tones  is  equal,  then  the  beats 
a] /pear  to  proceed  from  the  region  between  the  points  at  which  the  two 
tones  are  situated  whether  they  are  on  the  same  or  different  sides  of  the 
median  plane.  The  localization  of  the  beats  in  the  median  plane  when 
the  primary  tones  of  ecpial  intensity  are  situated  on  both  sides  of  the 
plane,  is  a  special  case  of  this  general  fact.  Schaefer  thinks  it  clear  that 
when  the  two  forks  are  placed  on  the  same  side  of  the  median  plane  the 

'Rogdestwensky,  Ueber  die  Localisation  der  Gehorsempfindungen,  I  >iss.  1887. 

EYER,  Die  Wahrnehmung  der  Schallrichtung  mittelst  der  Bogengange,  Archiv  f. 
d.  ges.  Physiol.  (PflUgei  |,  1887  XL  586. 

'Arnheim,  Beitrage  zur  Theorie  von  Schallempfindungen  mittelest  der  Bogengange, 
Diss.,  Jena  1887. 

Ueber   die    Wahrnehmung   und  Localisation    von    Schwebungen    und 
Differenztonen,  Zt.  f.  Psych,  u.  Physiol.,  1890  I  81. 
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beats  are  perceived  more  strongly  by  the  ear  on  that  side  ;  and  that  the 
beats  are  perceived  by  the  two  ears  with  equal  intensity  when  the  sources 
of  the  tones  are  found  in  the  median  plane.  For  sounds  located  on  differ- 
ent sides  of  the  median  plane  it  can  be,  according  to  Schaefer,  mathe- 
matically proven  that  the  intensity  of  the  beats  is  equal  on  the  two  sides 
when  the  relative  intensities  of  the  primary  tones  are  equal,  but  on  the 
contrary  the  intensity  of  the  beats  is  stronger  on  the  side  of  the  stronger 
primary  tone  when  the  relative  intensities  of  the  primary  tones  are  not 
equal.  Schaefer' s  conclusion  is  that  the  beats  will  be  localized  on  the 
side  of  the  ear  which  is  more  strongly  excited  by  them,  but  in  the  median 
plane  if  the  two  ears  are  equally  excited  by  them.  The  further  exact 
determination  of  the  direction  is  dependent  upon  that  of  the  relatively 
stronger  primary  tone.  The  localization  of  beats  is,  therefore,  governed 
by  the  same  principles  as  the  localization  of  simpler  sounds,  i.  e.,  the 
localization  on  the  side  of  the  ear  which  is  excited  more  strongly,  and 
the  localization  of  sounds  in  the  median  plane  when  the  two  ears  are  ex- 
cited with  equal  intensity. 

As  for  the  perception  of  difference  tones,  the  localization  is  apparently 
contradicted  by  that  of  beats.  For  when  two  forks  of  unequal  intensities 
are  placed  on  the  different  sides  of  the  median  plane  the  difference  tones 
are  heard  on  the  side  of  the  weaker  primary  tone.  This  is  not,  however, 
really  contradicted  by  the  localization  of  the  beats  on  the  side  of  the 
stronger  primary  tone.  For  the  localization  of  difference  tones  on  the 
side  of  the  weaker  primary  tone  is  based  upon  the  fact  that  on  this  side 
the  relation  of  intensity  which  is  more  favorable  for  the  perception  of  the 
difference  tones  predominates,  and  the  difference  tones  are  heard  louder 
on  this  side,  for  if  the  left  sound,  for  example,  is  relatively  stronger,  the 
left  ear  is  made  "  physiologically  deaf"  for  the  sound  coming  from  the 
right  side,  and  thereby  the  perception  of  the  difference  tone  is  made  im- 
possible. Difference  tones  are,  therefore,  localized  after  all  on  the 
side  of  the  ear  which  is  excited  more  strongly.  As  for  the  median  locali- 
zation of  the  difference  tones,  the  result  is  similar  to  that  of  the  beats, 
for  when  the  two  primary  tones  of  equal  intensity  reach  the  ears  from  the 
two  sides  of  the  median  plane  either  by  air  transmission  or  by  cranial 
conduction,  the  difference  tones  are  localized  in  the  median  plane. 

Finally,  one  more  phenomenon  which  was  emphasized  by  Schaefer1 
is  to  be  mentioned.  If  a  fork  be  placed  on  the  top  of  the  head  the 
sound  will  be  localized  in  the  median  plane,  but  it  will  shift  to 
one  ear  if  that  ear  be   closed.     Schaefer  explained  this  phenomenon 

1  Schaefer,  Bin  Versuch  fiber  die  intrakranielle  Leitungleises  ter  Tone  von  Ohr  zu 
Ohr,  Zt.  f.  Psych,  u.  Physiol,  d.  Sinn,  1S91  II  III. 
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in  the  following  way.  The  osseous  parts  of  the  auditory  apparatus, 
the  tympanum,  and  finally  the  air  in  the  external  auditory  tube  will  be 
put  into  vibration  by  the  waxes  which  the  sound  produces  in  the  laby- 
rinth by  means  of  cranial  conduction.  In  this  case,  therefore,  sound  pro- 
ceeds in  just  the  opposite  way  to  the  usual  one,  where  it  passes  from  the 
air  into  the  ear.  Now,  if  we  close  the  ear  with  the  finger,  the  tympanum 
will  be  put  into  stronger  vibration  on  account  of  the  reflexion  of  the 
waxes  from  the  finger.  Consequently  the  component  sound  is  stronger  in 
the  closed  ear  and  the  perceived  sound  will  appear  to  shift  from  the 
median  plane  toward  the  side  of  the  closed  ear.  The  same  effect  will 
be  produced  if  we  apply  a  resonator  to  the  ear  either  by  holding  by 
fingers  or  by  supporting  on  a  stand.  To  this  same  class  belongs  another 
phenomenon  which  is  noticed  by  many  persons  of  normal  hearing. 
When  we  sing  loudly  a  low  tone  like  the  German  "  u  "  and  stop  one  ear, 
but  not  very  tightly,  the  tone  will  move  from  the  initial  position  in  the 
larynx  to  the  stopped  ear,  but  it  will  move  again  to  the  median  plane  in 
the  interior  of  the  head  if  the  other  ear  is  stopped  in  the  same  way. 

Bloch1  investigated  both  binaural  and  monaural  localization  by  meas- 
uring the  least  noticeable  change  in  the  position  of  sounding  body.  His 
conclusion  runs  as  follows. 

The  most  important  function  of  binaural  audition  is  the  perception  of 
the  direction  of  a  sound  ;  the  perception  of  direction  is  more  accurate  in 
the  horizontal  and  in  the  frontal  planes  than  in  the  median  plane ;  in  the 
former  two  planes  the  localization  is  based  chiefly  upon  the  relative  dif- 
ference between  the  intensities  of  the  sounds  heard  by  the  two  ears,  and, 
secondarily,  upon  the  change  in  the  intensity  of  the  perceived  sound 
which  arises  from  the  influence  of  the  pinnae  ;  and  in  the  median  plane 
the  action  of  the  pinnae  which  collect  the  sound-waves  into  the  auditory 
meatus  is  the  chief  condition  for  the  localization  of  sounds. 

These  investigations  make  it  clear  that  the  relation  of  intensity  between 
the  two  components  of  a  sound  heard  by  the  two  ears  is  a  fundamental — 
or  the  fundamental — factor  of  localization  in  regard  to  direction.  My 
own  work,  reported  in  this  section,  aimed  to  further  define  this  factor 
and  its  effect. 

III.  Localization  of  the    perceived  sound  at  the    middle    point 

\  KIN    THE    SOURCES    OF    TWO    OBJECTIVE    SOUNDS. 

In  the  foregoing  experiments  the  two  telephones  were  restricted  to  the 
same  primary  plane  at  two  points. 

'Bloch,  Das  binaurale  Horen,  Zt.  f.  Ohrenheilk.,  1893  XXIV  25. 
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In  the  following  experiments  the  telephones  were  placed  at  various 
points  on  the  surface  of  the  spherical  cage  (Fig.  1). 

(#)  One  of  two  telephones  was  situated  in  the  median  plane  and  the 
other  in  the  frontal  plane.  The  two  telephones  were  placed  at  a  same 
level.  The  physical  intensities  of  the  two  sounds  were  kept  as  far  as  pos- 
sible equal  and  constant  during  the  experiments.  The  positions  of  the 
two  telephones  were  as  follows  : 
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10 

f 

a 

I 

11 

b 

it 

r 

12 

b 

i  ( 

I 

On  the  one  hand,  if  a  sound  comes  from  the  median  plane  only,  the 
two  ears  will  be  stimulated  equally,  and  consequently  the  perceived  sound 
will  be  located  in  the  median  plane.  On  the  other  hand,  if  a  sound  comes 
from  the  frontal  plane  only,  the  two  ears  will  be  stimulated  with  the  max- 
imum relative  difference  in  intensity,  so  far  as  the  sounds  at  a  same  level 
are  concerned,  and  consequently  the  perceived  sound  will  be  located 
nearly  in  the  frontal  plane.  Now,  if  the  two  ears  are  stimulated  simulta- 
neously, as  in  our  experiments  by  the  two  sounds  situated  in  the  above 
two  planes,  the  relation  between  the  intensities  of  the  sounds  heard  by  the 
two  ears  will  be  just  like  the  relation  between  the  intensities  with  which 
the  two  ears  hear  a  sound  coming  from  the  plane  which  lies  just  between 
the  above  two  planes.  The  perceived  sound  may  accordingly  be  expected 
to  be  located  in  the  plane  between  the  median  and  frontal  planes.  More- 
over, in  our  experiments,  as  the  two  telephones  lie  on  the  same  level  the 
perceived  sound  may  be  expected  to  be  mostly  localized  on  that  level. 

These  expectations  were  fully  realized  by  the  actual  results  which  are 
given  in  Table  XVI.  Mr.  K.  Matsumoto,  a  graduate  student  of  psy- 
chology, and  Mr.  T.  Nakashima  were  the  subjects  of  the  experiments. 

To    make    the    comparison    between    expectation    and   realization 
easier,  I  have  arranged  the  results  as  in  Table  XVII.     The  symbols  in 
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Table  X\  i 

1  i  i  alization. 

Observer  T.  N.  Observer  K.  M. 

for,  for,  for,    '        .  for,  \  f)or,  o(r)  o,  o{/>), 

1  fur.  dor  (6). 

_    fol,                           b),  fol,  ol,  ol,  ol,  o{/>), 

2  6(o)t. 

fur,  fur,  fur,  fur,   (/)«;-,  fur,  fur, 

J     bor  (A),  dor,  bor,  b[u)r. 

fid,  ful,  ft/!,  fid,  fid,  fu!,  fid, 

4     «/,  £(»)/.  bo/,  bo(l),  bol. 


bor,    bor,  bor,   bor[k),    bor(k), 

5  for,  for,  fo(r),  fur.  for,  fo,  o{ 

,      bol,   bol,    i .  bol,   bo,   bo,   lo,   o, 

0    ful,  ful,   (/)«/.  bo,  fol. 

fur,  fur,  fur,  fur,  bur,   bur,  bur,  bur,    (b)ur, 

'     ur.  //or,  //or,  ho,  ur. 

o     buh   bul.    (b)ul,    u/.  bul,   bul,    (b)ul,   ul, 

6  (/)«/.  bol. 

fr,fr,fr,  bor{k),  bor{k),  bor. 
9    f{k),  fo{r){k),   ,w). 

IO  AAA"),  '< 

br,  br,  br,  bor,   bor. 


II       *W' 

b  or/, 

b,  boh  In. 

12    _/?. 

Table  XVII. 

A 

B 

C 

D 

Expected 

\  fsual 

<  ii  casional 

Rare 

localization. 

localization 

localization. 

localization. 

I 

for 

for 

bor,  bur 

2 

fol 

fol 

bol 

3 

fur 

ful- 

bur, bor 

4 

ful 

fill 

bul,  bol 

5 

bor 

bor 

for 

6 

bol 

bol 

ful 

7 

bur 

bur 

fur 

8 

bul 

bul 

bol 

9 

fr 

fr 

IO 

A 

A 

for,  bor 

ii 

br 

br 

bol 

12 

bl 

bl 

fl 

bor 

column  A  show  the  directions  in  which  the  perceived  sounds  are  theoret- 
ically expected  to  be  localized;  the  symbols  in  column  B  the  direc- 
tions in  which  most  of  the  perceived  sounds  were  actually  localized,  and 
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the  symbols  in  columns  C  and  D  the  directions  in  which  the  perceived 
sounds  were  sometimes  localized.  The  striking  correspondence  between 
A  and  B  proves  the  correctness  of  our  view.  It  is  also  very  interesting 
to  note  that  the  perceived  sounds  were  sometimes  located  in  the  direc- 
tions in  column  C  instead  of  the  directions  in  column  B.  There  is  a 
reasonable  justification  for  such  localizations.  When  we  are  stimulated 
by  a  sound  from  the  median  plane  the  intensities  of  the  sounds  heard  by 
the  two  ears  are  equal  whether  the  sound  is  situated  in  front  or  in  back. 
Subjective  discrimination  between  front  and  back  is,  as  we  will  see 
later,  based  chiefly  upon  the  difference  in  absolute  intensity,  for  the 
sound  coming  from  the  front  is  heard  more  strongly  than  the  same  sound 
from  the  back.  So  if  the  sound  from  the  front  in  the  median  plane  be 
weakened  during  the  experiment  by  fluctuation  of  the  electric  current, 
while  the  ears  are  stimulated  at  the  same  time  by  the  sound  in  the  frontal 
plane,  it  will  be  quite  possible  that  the  relation  of  intensities  will  be  like 
the  relation  of  intensities  with  which  the  observer  hears  the  sounds  from 
the  frontal  plane  and  from  the  back  part  of  the  median  plane.  In  such 
a  case  the  observer  may  locate  the  sound  to  the  rear  instead  of  loca- 
ting it  to  the  front.  This  appears  to  be  the  reason  why  in  the  above  ex- 
periments the  perceived  sounds  were  sometimes  located  at  bor  or  bol 
instead  of  for  or  fol;  at  bur  or  /'///  instead  of  fur  or  ful.  For  the 
similar  reasons  the  perceived  sounds  were  located  at  ////  or  fur  instead 
of  bul  or  bur ;  and  at  fl  instead  of  bl.  These  results  agree  with  the  con- 
fusion between  front  and  back  which  we  have  frequently  observed  in  our 
previous  experiments. 

Besides  the  confusion  between  front  and  back  we  find  here  another 
kind  of  confusion  ;  above  and  below  are  sometimes  confused  with  each 
other.  In  the  above  experiments  the  observer  located  the  sound  at  fur 
when  for  was  expected ;  at  bor  or  bol  when  bur  or  bul  was  expected. 
This  kind  of  confusion  can  be  explained  by  the  function  of  the  pinnae. 
It  is  found  that  on  account  of  the  peculiar  shape  of  the  pinnae  a  sound 
coming  from  ro  or  lo  is  perceived  by  the  two  ears  with  almost  the  same 
relative  difference  of  intensity  as  a  sound  coming  from  ru  or  lit  and  a 
sound  coming  from  fit  is  perceived  with  almost  the  same  intensity  as  a 
sound  coming  from  fo.  So  when  we  are  stimulated  simultaneously  by 
sounds  coming  from  fo  and  ro  it  is  quite  possible  that  the  relation  be- 
tween the  intensities  of  the  sounds  in  the  two-ears  will  be  like  the  relation 
between  the  intensities  with  which  the  sounds  coming  from  fit  and  ru  are 
heard  by  the  two  ears.  In  such  a  case  the  perceived,  sound  may  be 
located  at  fur  instead  of  for.  Moreover,  the  fluctuation  in  the  electrical 
current  will  have  some  effect  in  producing  the  confusion.      Such  being  the 
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fact,   we  have  reasonable  justification,   under  the  above  conditions,  for 

asionally  Localizing  the  perceived  sounds  in  the  directions  in  column  C. 

As  for  the  localizations  of  the  sounds  in  the  directions  in  column  D, 

they  occurred  very  rarely  and  could  be  ascribed  both  to  the  inaccuracy 

of  the  experiment  and  inattention  of  the  observer. 

(/)  The  localization  of  the  perceived  sound  at  the  middle  point  between 
the  sources  of  the  two  component  sounds  is  not  restricted  to  the  case  in 
which  the  components  sounds  are  put  in  the  primary  planes  and  at  the  same 
level.  In  the  following  experiments  I  placed  two  component  sounds  at 
different  levels  and  one  of  them  in  a  secondary  plane,  namely,  one  tele- 
phone was  placed  at  the  terminus  of  a  secondary  axis  in  the  horizontal 
plane  and  the  other  telephone  was  placed  at  the  terminus  of  a  secondary 
axis  in  the  frontal  or  median  plane.  The  objective  positions  of  the  tele- 
phones were,  therefore,  as  indicated  in  Table  XVIII. 


Tabi  i 

XVIII. 

Number  of 

Positions  of  the 

Number  of 

Positions  of  the 

position. 

two  telephones. 

position. 

two  telephones. 

I 

fr  and  ru 

9 

fr  and  ro 

2 

r      "  fn 

IO 

fr    "   fo 

3 

fl     "    lu 

ii 

jl     "    lo 

4 

fl    "  A 

12 

fl     «   fo 

5 

br    "    ru 

13 

br    ' '     ro 

6 

br    "    bu 

14 

br    "    bo 

7' 

bl    "    lu 

15 

bl    "    lo 

8 

bl     "    bu 

16 

bl    "    bo 

The   experiments  were   made  upon   T.    N.    and   the   results  were  as 
given  in  Table  XIX. 


Localization. 

,  A(*)> 
A.  Jr>  Ai  A.  A  A 

2    fr(u),  bur{k), 
fr,  fr,  fr,  fr,  fr. 

fl(u),fl(u),fl(u),flur 

3  A»hS- 

tl   u    ./(U),fl(u), 

4  AAA 

br(u),  rulb),  ruib), 
■*      br,  br,  r(b). 

,      bur,  bur,  (b  )ur,  In  u    r. 
°     br(k),  br. 

bul,  bill,  bul,  b(u)l, 
'      bl. 

q     bul,  bul,  bul,  bul, 

•6        bn/(&),    b(l). 


Table  XIX. 


Localization. 


Q    f{o)r,  f(o)r,  f(o)r, 
fr,  fr,  jr,  jr. 

fo(r),  fo(r),  f(or), 
/(>'),  A 
/(«)/,/(«)/,  l{u), 

fl,  Jl,  A 

f{u)l,Jl(k),    (/)/,    0{k), 

Aft- 

(b)ur,  (b)ur,  (b)ur,  f{u)r, 
bur,  br,  br. 

b(n)r,  bit{k),  b{uk),  b{k), 
b,  b  or  fl 


(b)ul,  [f)ul,  lu,  lit, 

I. 


(      b{u)k,  bu,  b{k), 

fji/n,b(k),b{k). 
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As  the  two  telephones  were  situated  at  different  levels,  the  localization  of 
the  perceived  sound  at  the  middle  point  between  the  sources  of  the  two 
objective  sounds  was  not  so  clear  as  in  the  preceding  experiments.  Still 
the  results  were  in  conformity  with  the  preceding  results,  for  the  per- 
ceived sound  was  localized  or  tended  to  be  localized  at  the  middle  point. 

I  have  already  mentioned  that  a  sound  coming  from  ro,  lo,  fo  or  bo 
is  perceived  by  the  two  ears  with  almost  the  same  intensity  as  a  sound 
coming  from  ru,lu,fu  or  bu  respectively.  This  is  the  reason  why  the 
perceived  sound  was  sometimes  located  under  the  above  conditions  at  a 
point  on  the  same  side  at  90 °  away  from  the  middle  point  between  the 
sources  of  the  two  component  sounds,  i.  e.,  at  the  corresponding  point 
in  back  instead  of  front,  above  instead  of  below  and  vice  versa. 

(7)  In  the  preceding  two  groups  of  experiments  the  two  objective 
sources  of  sounds  were  kept  unmoved  during  the  experiment.  If  the  per- 
ceived sound  is  located  under  such  a  statical  condition  at  the  middle  point 
between  the  two  objective  sounds  it  may  also  be  expected  that  if  the 
two  sounds  are  moved  continuously  during  the  experiment  the  per- 
ceived sound  will  move,  too,  in  the  direction  resultant  to  the  two  direc- 
tions along  which  the  two  sounds  are  moved. 

Table  XX. 

Directions  in  which  the  two  Directions  in  which  the  two 

telephones  were  moved.  telephones  were  moved. 


fiVf  '3  fi 


r 


f  J  Jr\f 


r 


\  t'H?  T  r  ,    (  bor 

bl\    b  15  br\    b 


b"l  ,c  ,..  {  bor 

r 


4  bl   ?    /  16 


f  YT  "  /  ft 

+■{'•■;  -«  f  \i 

"-YT  ■»  *\t 


5 

6 


o  ,    (  bur 

o  Or  {  20  b 


bl 

"    I  bo 

"\"L  «  »\? 
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This  was  the  subje<  t  of  the  next  experiments.  As  is  show  in  Table 
XX  the  two  telephones  were  started  from  one  and  the  same  point  of 
the  horizontal  eirele.  and  then  one  telephone  was  moved  along  the  hori- 

ntal  eirele  while  the  other  was  moved  along  one  of  the  two  vertical 
circles  downward  or  upward.  For  example,  the  telephones  were  started 
at  //  and  one  was  moved  toward ful  while  the  other  was  moved  toward/. 
The  experiments  were  made  upon  T.  X. 

Table  XXI  gives  the  results  of  the  experiments.  The  expressions  in- 
dicate the  directions  in  which  the  sound  appeared  to  move  ;  for  example, 
fl—fu  indicates  that  the  sound  appeared  to  move  from  fl  to  fu. 

Table  XXI. 

Direction  in  which  the  perceived  Direction  in  which  the  perceived 

sound  moved.  sound  moved. 

,7_/„,  jb-fu,fl-fo,  Jl-f,  fr-fo,fr-fu, 

jl-tuLjl-ful.  Ij    fr-f,fr-f,fr-f,fr-for. 

f-lu,Jl-lu,fl-l{n),Jl-lo,  fr-ro,  fr-ro,fr-r{u), 

f-l.  I4    fr-r,fr-r,fr-r{k). 

bl-bu,  bl-bu,  bl-bu,  bl-bu,  .      br-bu, 

3  bl-b.  3     br-b,br-b{k),br-b{k),br-b(k). 

bl-lu,  bl-lu,  bl-l,  r     br—ru,  br—u  or  br—r, 

4  bl-l,  bl-l.  br-r,  br-r,  br-r. 

-    fr-fu,fr-fu,ft-fu,  f-fur,  f-fur,  f-fur, 

3    fr-fur,fr-fur,fr-fur.  X?    f-fr,  f-jr,  f-fr(l-). 

6    fr-ru,  fr-ru,  fr-ru,  j8    f-fol,  f-ful, 

fr-ru,fr-ru.  f-fl,f-fl,  o-l(i-),  o-fo{k). 

br-bu,  br-bu,  br-bu,  b-bur,  b-bur,  bo-bur,  bo-bur, 

'      br-bu,  br-bu.  "     bo-b. 

c,     br—ru,  br—ru,  br-ru,  b-bul,  b-bul, 

br—ru,  br-r.  b-b[u)l,  b-b(ii)l. 

f-fur,  f-fur,  f-fur,  fl-fafi-lo^fl-lcfl-lo, 

9    f-jUr,f-fr.  Jl-f. 

IO    f-ful,  f-ful,  f-ful,  fl-l0,fl-l0^k),fl-fu, 

f-f{u)l,f-fl.  -2    Jl-l,fl-l. 


II 


-bur,  b-bur,  b-bur ;  bl—bo,  bl-bu,  bl-bu, 

bu-br,  b-br.  J     bl-b. 

b-bul,  b-bul,  bl-lu,  bl-lu,  bl-lu, 


12     bu-bl,  b-bl.  24     bl-l,  bl-l,  bl-l 

When  one  of  the  two  telephones  was  moved  along  the  horizontal  circle 
and  the  other  was  moved  downward  (i.  e.,  cases  i  ton)  the  sound  appeared 
to  move  in  a  direction  resultant  to  those  directions  along  which  the  two 
telephones  were  moved.  The  results  can  be  explained  by  the  relative  and 
absolute  differences  in  the  intensities  of  the  sounds  in  two  the  ears.  If 
one  telephone  moving  from  y?,  /;-,  bl  or  br  to  f  ox  b  as  in  i,  3,  5,  7  were 
to  act  alone  the  relative  difference  in  the  intensities  of  the  sounds  in  the 
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two  ears  would  decrease  gradually,  and  consequently  the  sound  would  be 
perceived  to  move  from  the  secondary  vertical  plane  towards  the  sagittal 
plane.  On  the  other  hand,  if  the  other  telephone  moving  downward 
were  to  act  alone,  not  only  the  absolute  intensity  of  the  sound,  but  also 
the  relative  difference  between  the  intensities  of  the  sounds  in  the  two 
ears  would  grow  less  and  less,  and  consequently  the  sound  would  be  per- 
ceived to  move  downward  along  the  secondary  vertical  circle.  Then,  if 
these  two  sounds  were  to  act  at  the  same  time,  the  relation  of  the  inten- 
sities of  the  sounds  in  the  two  ears  would  be  like  the  relation  of  intensi- 
ties with  which  a  sound  moving  in  the  resultant  direction  would  be  heard 
by  the  two  ears.  Therefore  the  sound  appeared  in  1,  3,  5,  7  to  move 
in  the  resultant  direction.  In  2,  4,  6,  S,  9,  10,  11  and  12  the  rela- 
tive difference  increased  gradually,  for  one  sound  was  moved  along  the 
horizontal  circle  more  towards  the  auditory  axis,  while  the  other  sound 
was  moved  downward.  Accordingly  the  sound  appeared  to  travel  more 
towards  the  side  and  at  the  same  time  more  downward,  i.e.,  along  the 
direction  resultant  to  those  directions  along  which  the  two  sounds  were 
moved. 

In  the  cases  13  to  26  one  telephone  was  moved  along  the  horizontal 
circle  and  the  other  was  moved  upward.  In  these  cases  it  would  be  ex- 
pected that  the  perceived  sound  would  travel  as 
before  along  the  resultant  direction.  The  re- 
sults were  quite  perplexing,  for  though  the 
sounds  were  sometimes  perceived  to  travel  along 
the  resultant  direction  most  of  them  were  per- 
ceived, as  shown  in  the  Figure  17,  to  move 
downward  along  the  direction  nearly  vertical 
to  the  resultant  direction.  In  the  figure  01 
and  Oil  are  the  directions  along  which  the  two 
telephones  were  moved  ;  OA  is  the  direction  fig.  I7. 

nearly  resultant  to  the  above  two  directions  ; 

OB  is  the  direction  along  which  the  perceived  sound  sometimes  appeared 
to  move. 

The  explanation  is  not  hard  to  find  when  we  consider  the  fact  that  both 
the  absolute  intensity  and  the  difference  in  the  relative  intensities  become 
less  and  less  when  a  sound  is  moved  along  the  vertical  circle  upward. 
This  decrease  in  intensity  can  be  interpreted  as  the  effect  of  the  motion 
of  the  sound  either  upward  or  downward.  If  the  former  interpretation 
be  taken  the  sound  will  be  judged  to  move  along  the  resultant  direction, 
while  if  the  latter  be  taken  the  sound  will  be  judged  to  move  along 
the  direction  nearly  vertical  to  the  resultant.  Accordingly,  the  ob- 
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server  may  perceive  the  sound  to  move  sometimes  in  one  direction  and 
sometimes  in  the  other.  Bui  \\c  musl  note  here  that  the  confusion  is  not 
restricted  to  the  case  in  which  the  sound  moving  upward  is  taken  for  a 
•ul  moving  downward,  for  sometimes  the  opposite  happened  as  in  i 
and  2,  though  not  frequently.  We  must  conclude  that  the  upward  and 
downward  directions,  under  the  condition  of  our  experiments,  are  liable 
to  he  confounded  with  each  other,  owing  to  the  similarity  of  the  relation 
in   the  stimulation  of  the  two  ears. 

The  results  of  the  experiments  in  this  section  tend  to  show  that:  (i) 
two  component  sounds  of  equal  intensity  at  the  same  or  different  levels 
w  ill  give  in  combination  a  localization  at  the  middle  point  between  the 
two  points  at  which  the  components  are  placed;  (2)  two  component 
sounds  of  equal  intensity  which  start  at  one  and  the  same  point  and 
move  simultaneously  in  different  directions  will  give  in  combination  a 
localization  in  the  direction  nearly  resultant  to  the  two  directions  along 
which  the  components  arc  moved  ;  (3)  an  occasional  localization,  under 
the  above  conditions,  at  the  corresponding  point  in  back  instead  of 
front,  above  instead  of  below  and  vice  versa,  arises  from  the  confusion  be- 
tween front  and  back,  above  and  below.  All  these  localizations  can  be 
explained  by  the  principle  of  relative  and  absolute  intensities. 

IV.    Confusion  between  front  and  iack. 

When  a  source  of  sound  is  situated  in  the  median  plane  the  intensity  of 
the  sound  heard  by  one  ear  is  equal  to  that  of  the  sound  heard  by  the 
other  ear.  if  the  sensitiveness  is  the  same  for  both  ears;  this  is  true 
whether  the  objective  sound  is  situated  to  the  front  or  to  the  rear.  This 
is  the  cause  of  the  confusion  between  front  and  back. 

Ambiguity  of  the  judgment  as  to  whether  a  sound  which  is  not  in  the 
median  plane  is  to  be  localized  in  front  or  in  back  can  be  explained  in  a 
similar  way.  To  one  side  of  the  observer  and  probably  nearly  in  the 
auditory  line  there  must  be,  as  was  noticed  by  Ravleigh,1  one  direction  in 
which  the  ratio  of  the  intensity  of  a  sound  as  heard  by  one  ear  to  the  in- 
tensity of  a  sound  as  heard  by  the  other  ear  has  a  maximum  value  which  is 
greater  than  unity.  For  sounds  situated  in  directions  in  front  of  this  the 
ratio  of  the  intensities  has  a  less  and  less  value,  approaching  unity  as  its 
limit  when  the  sound  is  immediately  in  front.  In  like  manner,  for  di- 
rections intermediate  between  the  direction  of  maximum  ratio  and  that 
immediately  behind  the  observer,  the  ratio  of  intensities  varies  continu- 
ously between  the  same  maximum   value  and  unity.      Accordingly,   for 


1  Ravi. 1. 1', 11,  Acoustical  observations,  Phil.  Mag.,  1 N 7 7  (5     III  456. 
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every  direction  in  front  there  must  be  a  corresponding  direction  behind 
for  which  the  ratio  of  intensities  has  the  same  value  ;  and  these  two  di- 
rections are  liable  to  be  confounded  with  each  other.  The  only  direc- 
tions as  to  which  there  is  no  ambiguity  are  the  directions  of  maximum 
ratio  itself,  namely,  right  and  left. 

This  view  has  been  partly  substantiated  by  the  results  of  the  foregoing 
experiments,  but  to  make  matter  clearer  I  submitted  it  to  the  test  of 
special  experiments. 

Two  telephones  were  placed  at/r  45 °  and  br  45 °  on  the  same  side  of 
the  observer  at  a  distance  of  6ocm.  A  short  sound  was  to  be  given  by  one 
of  them  and  the  observer  (Mr.  K.  Miura),  a  student  of  law,  was  to 
localize  the  sound.  The  intensity  of  the  sound  could  be  changed,  as  be- 
fore, by  means  of  the  sliding  inductorium.  When  the  sound  was  of 
moderate  intensity  the  observer  could  generally  distinguish  whether  it 
came  from  the  front  or  the  back.  But  when  the  sound  from  the  front  be- 
came very  weak  he  was  liable  to  perceive  it  in  the  back,  and  projected  it 
backward  more  towards  the  median  plane  when  it  grew  weaker.  Even 
when  the  sound  from  the  front  was  of  considerable  strength  he  was 
sometimes  liable  to  project  it  in  the  back.  As  for  the  sounds  coming 
from  the  back,  they  were  mostly  projected  in  that  direction. 

A  similar  kind  of  experiment  was  made  by  using  a  watch  instead  of  a 
telephone.  The  observer  was  seated,  with  his  eyes  closed,  in  the  middle 
of  a  large  room  on  a  still  evening.  A  watch  was  held  at  fr  45 °  or  br 
450  at  a  certain  distance,  and  the  observer  was  to  tell  the  direction  of 
the  sound.  In  this  case  the  result  was  the  reverse  of  that  for  the  tele- 
phone experiment.  For  here  we  found  that  the  sound  coming  from  the 
front  was  never  localized  in  the  back,  while  the  sound  coming  from  the 
back  was  frequently  liable  to  be  localized  in  the  front,  especially  when 
it  was  more  distant.  In  respect  to  the  latter  point  there  were  some  in- 
dividual differences.  One  person  projected  almost  all  the  ticks  of  the 
watch  in  front.  Another  person  projected  the  ticks  in  the  back  when 
the  watch  was  held  at  the  distance  of  5ocm,  while  he  projected  them  in 
front  quadrant  when  the  watch  was  held  at  the  distance  of  ioocm.  The 
general  results  of  these  experiments  were,  therefore,  that  when  the  sound 
coming  from  the  back  was  situated  near  the  ear,  and  was  consequently 
stronger,  the  relative  difference  between  the  intensities  of  sensations  in 
the  two  ears  being  also  greater,  it  was  generally  localized  in  the  back  ; 
whereas  it  tended  to  be  localized  in  front  when  the  sound  was  more 
distant  and  was  consequently  weaker,  the  relative  difference  between  the 
intensities  being  also  smaller.  In  the  latter  case  the  perceived  sound 
tended  to  be  localized  more  towards  the  median  plane  in  front  when  the 
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objective  point  of  sound  was  more  distant  and  consequently  the  relative 
difference  between  the  intensities  of  the  sensations  in  the  two  ears  was 
smaller,  and  it  tended  to  be  localized  more  towards  the  side  when  the 
objective  point  of  sound  was  less  distant  and  consequently  the  relative 
difference  was  greater. 

R  wiin. ii  conducted  an  experiment  of  similar  kind  by  using  two 
v.  d.  forks  and  resonators,  the  observer  being  placed  between 
them.  At  a  given  signal  both  forks  were  struck,  but  only  one  of  them 
was  held  over  its  resonator.  The  observer  was  required  to  keep  his 
head  perfectly  still,  a  very  slight  motion  being  sufficient  in  many  cases 
to  give  the  information  that  was  previously  wanting.  In  these  experi- 
ments the  observer  facing  north  made  mistakes  between  forks  bearing  ap- 
proximately north-east  and  south-east,  though  he  could  distinguish 
without  a  moment's  hesitation  forks  bearing  east  and  west. 

In  connection  with  the  above  I  may  mention  another  kind  of  experi- 
ment which  I  conducted.  From  the  fact  that  the  perceived  sounds  were 
located  in  the  median  plane  when  two  sounds  were  placed  at  symmetrical 
points  on  two  sides,  one  on  each  side,  I  thought  it  possible  that  the  same 
results  would  be  obtained  if  two  sounds  were  placed  at  diagonal  points 
of  the  horizontal  circle,  for  the  relation  of  intensities  of  sounds  received 
in  the  two  ears  might  be  equal  in  the  latter  case  to  the  relation  of  the  in- 
tensities of  sounds  received  in  the  two  ears  in  the  former  case.  So  I 
placed  two  telephones  in  the  horizontal  plane  in  six  combinations  such 
as:  (1)  /-22.50  and  /157.50;  (2)  r  450  and  /  1350  ;  (3)  r  67. 50  and 
/112.50;  (4)  rix2.50  and  /67.50;  (5)  r  1350  and  /450  ;  (6) 
r  157.5-  and  /22.50.  I  found  that  under  these  conditions  the  localiza- 
tion of  the  perceived  sound  in  the  median  plane  was  not  so  striking  as 
was  the  case  when  the  two  sounds  were  placed  at  symmetrical  points  on 
the  two  sides  of  the  median  plane,  one  on  each  side,  for  though  the  ob- 
server located  the  perceived  sounds  at  b  or  nearly  at  b  for  (2),  (4)  and 
-  and  at/ or  nearly  at/and  sometimes  at  b  for  (6),  yet  he  located  the 
sounds  for  ( 1)  and  (3)  outside  of  the  median  plane.  The  results  ran  as 
follows:  in  case  (1)  the  localizations  were  b  ox  for,  within  the  head 
(borj,  within  the  head  (for),  within  the  head  (/-)  ;  in  case  (2)  they 
were  within  the  head  fb),  within  the  head  (/>),  within  the  head  (/>), 
b,  or  r ;  in  case  (3)  they  were  b  or  r,  fo,  r,  fr  650,  //'650,  r ;  in  case 
they  were  b,  b,  b,  b,  b  (u)  ;  in  case  (5)  they  were  b,  b,  within  the 
head  (b),  b  (J),  within  the  head  (r),  //,  ft  .  in  case  (6)  they  were/,/,  / 
or'.   •  /J,f(/). 

(  m  account  of  the  comparative  irregularity  of  these  results  I  was  doubt- 
ful whether  the  intensities  of  the  sounds  heard  by  the  two  ears  under  these 
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conditions  were  equal  as  I  had  at  first  thought.  At  any  rate  it  was  evi- 
dent from  these  results  that  there  was  a  possibility  of  finding  two  points  in 
diagonal  quadrants  (i.  e.,  quadrants  at  opposite  ends  of  the  same  axis), 
one  in  each  quadrant,  which  in  combination  will  give  a  localization  in 
the  median  plane.  I  learned  afterwards  that  this  possibility  had  been 
realized  in  the  experiments  conducted  by  Muxsterberg  and  Pierce1 
from  which  we  can  also  conclude  that  the  intensities  of  sounds  heard  in 
the  two  ears  under  the  above  conditions  could  not  be  regarded  as  exactly 
equal.  From  their  experiments  we  learn  that  for  any  given  point  in  either 
of  the  two  quadrants  upon  one  side  of  the  median  plane  a  point  can  be 
found  in  each  of  the  two  quadrants  on  the  opposite  side  which  in  combi- 
nation with  the  first  will  give  a  localization  in  the  median  plane  at  o° 
or  1800.  For  example,  a  sound  at  r  45°  will  give  o°  or  1800  not  only 
with  its  symmetrical  /450,  but  also  with  a  sound  in  the  left  back  quad- 
rant. Thus,  for  one  of  their  observers  B.  r  450  gave  o°  with  /  1050,  for 
another  observer  M.  with  /  1150,  for  W.  with  /  1300,  for  P.  with  /  1400, 
for  N.  r  450  gave  o°  with  /450,  but  1800  with  /  1300,  and  for  R.  with 
/1250. 

Munsterberg  and  Pierce  regarded  this  as  a  special  case  of  the  more 
general  principle  :  that  for  any  given  point  in  either  of  the  two  quadrants 
upon  one  side  of  the  median  plane  a  point  can  be  found  in  each  of  the 
two  quadrants  on  the  opposite  side  which  in  combination  with  the  first 
will  give  the  same  subjective  localization.  Thus  their  observer  B.  located 
r  io°  -I-  /no°and  no°  -f/700  at  /200;  7-50°  +  /io°  and  /-500  +  / 
1300  at  r2o°;  r  ioo°  +  /500  and  noo  4-/150°  at  125°;  /-i2o°-f 
/400  and  r  120°  +  /ioo°  at  r4o°.  The  results  were  similar  with  other 
combinations.  Again,  according  to  them,  very  similar  to  this  principle 
is  the  fact  that  different  individuals  at  different  times  locate  a  given 
combination  in  two  different  quadrants.  Thus  B.  locates  o°-f-/iio° 
at /6o°  and  again  at/1300;  /-300  +  /1100  at  /400  and  /1600,  etc. 
}\'e  may  give  the  following  as  an  illustration  of  the  individual  differences  : 
sounds  at  o°  +  r  1350  by  B.  ^25°,  by  M.  r  65°,  by  P.  n6o°;  sounds 
at  o°  4-  r  1600  by  B.  /-1700,  by  M.  r  75°,  by  P.  rio°.  The  basis  of 
these  differences  lies,  they  say,  in  the  fact  that  not  only  o°  and  1800, 
but  also  other  points  before  and  behind,  are  confused  when  they  are 
sounding  in  a  combination.  In  the  example  o°  -f-  r  1350,  for  instance, 
the  judgment  r  65 °  represents  the  middle  ;  7-25°  represents  the  middle, 
if  r  1350  is  confused  with  the  corresponding  sound  from  the  front  at  45°; 
and  r  1600  represents  the  middle,  if  o°  is  confused  with   1800.     Just  so 

1  MCNSTEKiiERG  and  Pierce,  The  localization  of  sound,  Psychol.  Rev.,  1S94  I  461. 
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with   o°  +  /-1600,    /-1700    results   it"  o°  stands  for  1800  ;   and  no°  ifr 
200  stands  for  r  1600. 

All  the  foregoing  results  show  that  for  a  point  given  in  the  front  quad- 
rant a  corresponding  point  can  be  found  in  the  back  quadrant  on  the 
same  side  of  the  median  plane,  which  is  liable  to  be  confused  with  the 
first  ;  and  that  the  ambiguity  or  uncertainty  of  the  judgment  as  to  front 
and  back  is  based  upon  the  similarity  which  exists  between  the  relation 
of  stimulation  of  the  ears  by  a  sound  in  one  quadrant  and  the  relation  of 
stimulation  of  the  ears  by  the  same  sound  in  the  other  quadrant. 

The  discrimination  between  front  and  back  seems  to  be  based  upon 
the  absolute  intensity,  pitch  and  duration  of  the  sound,  to  which  the 
tactual  sensations  of  the  pinnre  and  head  may  give  some  help,  though 
the  latter  can  not  be  made  clear  by  experiment.  The  dependence  of  the 
discrimination  upon  the  former  was  investigated  by  Bloch,1  as  far  as  the 
discrimination  between/and  b  is  concerned.  We  can  accept  his  results- 
without  further  discussion,  though  they  may  not  be  applied  to  the  dis- 
crimination between  front  and  back  in  general.     They  are  as  follows. 

Bli  'Cii  gave  sounds  at /and  b  respectively  and  made  his  observer  judge 
from  which  of  these  two  directions  the  sounds  came.  The  results  show 
that  the  correctness  of  judgment  depends  upon  the  pitch,  intensity,  dura- 
tion and  distance  of  the  sound.  When  he  used  a  tuning  fork  of  220 
v.  d.  it  seemed  clear  in  general  that  a  loud  and  long  sound  at  the  dis- 
tance of  im  was  correctly  judged  as  well  in  front  as  in  back.  A  weak  and 
short  sound  was  not  always  localized  correctly.  A  sound  of  greater  inten- 
sity and  duration — i.  e.,a  sound  of  stronger  acoustic  excitation — made 
the  perception  of  the  direction  in  the  median  plane  easier.  When  Bloch 
made  similar  experiments  with  a  pipe  having  a  pitch  of  d3  (1188  v.  d.) 
the  sound  at  a  greater  distance  was  localized  better.  When  the  distance 
of  the  sound  increased  the  sound  at  the  back  appeared  considerably  weak- 
ened and  the  discrimination  between  front  and  back  became  easier.  In 
the  median  plane  a  higher  tone  was  localized  better  than  a  lower  one. 
Again  when  the  click  of  a  snapper  sounder  was  given  at  a  distance  of 
2.4"1  a  weaker  tone  tended  to  be  located  more  in  back  and  a  stronger 
tone  more  in  front.  With  the  increase  of  the  intensity  of  tone  the  num- 
ber of  the/judgments  increased  and  the  number  of  the  b  judgments  de- 
creased, or  with  the  decrease  of  the  intensity  of  tone  the  number  of  the 
/judgments  decreased  and  the  number  of  the  b  judgments  increased. 
We  learn  by  experience,  says  Bloch,  that  a  certain  sound  is  perceived 
with  less  intensity  when  it  comes  from  the  back  than  when  it  conies 
from  the  front.     Accordingly    when  the    direction    of  the  sound  is  not 

1  BLOCH,  Das  binauraU  J/iir.u,  Zt.  fiir  Ohrenheilk.,  1893  XXIV  25. 
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clear  we  tend  to  locate  a  stronger  sound  in  front  and  a  weaker  one  in 
back. 

In  connection  with  the  experiments  on  the  confusion  between  front 
and  back  other  experiments  of  somewhat  similar  kind  may  be  men- 
tioned. We  have  already  seen  that  the  value  of  the  relative  difference 
between  the  intensities  with  which  a  sound  is  heard  by  the  two  ears 
varies  according  to  the  direction  of  the  sound.  But  the  direction 
of  the  sound  seems  not  to  be  the  only  condition  upon  which  the  change 
in  the  relative  difference  depends,  for  this  difference  seems  also  to  de- 
pend upon  the  absolute  intensity  of  the  sound.  In  other  words,  this  value 
seems  to  change,  other  things  being  equal,  when  the  intensity  of  the  sound 
changes.  It  has  been  a  well-known  fact  since  Fechner's  l  experiments  that 
when  two  unison  forks  are  held  before  the  two  ears  respectively  and 
one  of  them  is  more  strongly  sounded  than  the  other,  the  single  resulting 
sound  appears  to  the  subject  to  be  heard  entirely  by  the  ear  on  the  side 
of  the  stronger  component.  The  ear  which  receives  the  weaker  sound  is 
said  to  become  more  or  less  "physiologically  deaf."  It  seems  to  me 
that  this  "physiological  deafness"  of  one  ear  becomes  relatively 
greater  when  the  sound  received  in  the  other  ear  grows  stronger,  and 
thereby  the  perceived  sound  tends  to  be  projected  much  more  towards 
the  side  on  which  the  source  of  stronger  sound  is  situated  than  when  a 
sound  of  weaker  intensity  is  used.  The  following  experiments  were 
designed  to  make  this  point  clearer. 
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Two  telephones  were  situated  on  the  right  side  of  the  observer.  One  at 
6oc  to  the  front  and  the  other  at  6o°  to  the  rear.  The  wires  for  the  lat- 
ter were  connected  with  the  secondary  coil  and  the  wires  for  the  former 
with  the  primary  coil  of  the  sliding  inductorium.  In  each  experiment 
the  intensity  of  the  sound  in  front  was  kept  constant,  while  that  of  the 
sound  to  the  rear  was  varied.  The  subject  of  the  experiments  was  C. 
\V.      Table  XXI 1  gives  the  results. 

Figure  18  shows  the  results  graphically.  The 
perceived  sound  was  gradually  placed  more  to- 
wards the  back  as  the  sound  to  the  rear  grew 
stronger  and  consequently  the  relative  difference 
became  greater.  The  gradual  change  of  the  an- 
gular magnitude  of  the  localized  position  of  the 
perceived  sound  corresponding  to  the  gradual 
change  in  the  intensity  of  the  sound  to  the  rear  is 
shown  in  Table  XXII.  An  interesting  point  is  that 
when  the  sound  to  the  rear  reached  its  maximum 
intensity — and  consequently  according  to  our  view  the  relative  difference 
between  the  intensities  of  the  sensations  in  the  two  ears  became  great- 
est— the  perceived  sound  was  located  at  br  8o°.  Experimentally  it 
seems  to  be  the  fact  that  when  the  relative  difference  is  greatest  the  per- 
ceived sound  is  in  general  located  somewhat  to  the  rear  of  the  visual 
right  and  left  line. 

Similar  results  were  obtained  when  the  experiment  was  conducted  by 
placing  telephones  on  the  right  side  of  the  observer  at  300  both  in  front 
and  to  the  rear.     Table  XXIII  gives  the  average  results. 
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Figure   19   shows   the    results  graphically.      As    the  sound  heard  by 
the  right  ear  grew  stronger  the  perceived  sound  was  located  more  towards 
the  side.      But  as  the  value  of  the  relative  difference  between  the  intensi- 
ties of  the  sensations  perceived  by  the  two  ears 
-was  smaller  in  this  case  than  in  the  last  experi- 
ment, the  perceived  sound  was  never  /ocated  so  /  s 
near  to  the  auditory  axis.                                                            X^^^ 

V.   Perception  of  distance.  — ^**  r 

The  dependence  of  the  perception  of  the  dis-  ~~^\^ 

tance  of  a  sound  upon  its  intensity  has  already 
been  observed  in  foregoing  experiments,  though 
attention  has  been  paid  chiefly  to  the  perception 
of  the  direction.  In  this  section  particular  con- 
sideration will  be  given  to  the  perception  of  distance  with  a  view  to 
determining  under  various  conditions  the  relation  between  the  intensity 
and  distance  of  a  perceived  sound. 

1.  Dependence  of  the  change  in  the  distance  of  a  perceived  sound  upon 
the  change  in  the  intensity  of  the  component  sounds. 

Two  telephones  were  situated  on  both  sides  at  r  900  and  /  900.  The 
■wires  from  both  telephones  were  connected  with  the  secondary  coil  of 
the  sliding  inductorium.  In  this  experiment  it  was  requisite  to  make  the 
intensities  of  the  two  component  sounds  equal  in  every  respect  at  each 
distance  of  the  secondary  coil.  This  was  done  with  a  fair  approximation 
to  correctness.  The  subject  of  the  experiment  was  C.  W.  In  this  sub- 
ject the  left  ear  was  sharper  than  the  right  ear.  Taking  this  fact  into 
consideration  we  could  not  expect  that  the  subject  would  locate  all  sounds 


Table  XXIV. 

)istance  of  the  sec- 

Judgment 

Judgment 

ondary  coil  for 

of 

of 

both  telephones. 

direction. 

distance. 

gem 

/ 

j  2  sun   (36™' 

8 

/(/6.7°) 

"•5  (35) 

7 

f'^3-3) 

"•3  (34) 

6 

/('5) 

10.7    (32) 

5 

/('6) 

9      (27) 

4 

/ 

6.7   (20) 

3 

/ 

8.7  (26) 

2 

/ 

7-7  (23) 

1 

/ 

6      (18) 

The  probable  error  for  distance  varies  from  o  to  7iofc- 
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which  he  perceived  strictly  in  the  median  plane.     It  would  be  more 
probable  that  when  the  intensities  of  sounds  were  weakened  the  observer 
would  project  the  perceived  sound  a  little  towards  the 
Left  of  the  median  plane. 

A  current  of  ib  amperes  was  used  in  the  primary- 
circuit  and  the  sounds  were  given  in  an  arbitrary  order. 
The  average  results  of  three  experiments  on  each  point 
were  as  given  in  Table  XXIV.  Figure  20  shows  the 
results  graphically. 
].I(.    20  When  the  same  experiment  was  repeated  with  a  cur- 

rent of  2  amperes  the  average  results  of  three  experi- 
ments on  each  point  were  as  given  in  Table  XXV. 


Table  XXV. 

I  distance  of  the  sec- 

Judgment 

Judgment 

ondary  coil  for 

of 

of 

both  telephones. 

direction. 

distance. 

9cm 

f(?3-3°) 

I4s,m  (42cm) 

8 

f(?3-3) 

12      (36) 

7 

f 

io-7  (32) 

6 

f 

9-3(28) 

5 

f 

9-3  (28) 

4 

f 

7      (21) 

3 

f 

6      (18) 

2 

f 

4-3  (13) 

1 

f 

4      (12) 

The  probable  error  for  distance  varies  from  o  to  4^$. 

Figure  21  shows  the  results  graphically.  In  both  experiments  the 
perceived  sounds  were  located  in  the  median  plane,  though  when  the 
sounds  grew  weaker  the  effect  of  the  left  sound  became 
relatively  stronger  and  the  perceived  sound  tended  to  be 
localized  a  little  towards  the  left  of  the  exact  median 
plane.  The  distance  of  the  perceived  sound  gradually 
increased  as  the  intensity  of  the  component  sounds  grew 
gradually  weaker. 

When  the  same  experiments  were  repeated  and  the 
sounds  were  given  in  ascending  or  descending  order  the 
results  were  more  regular,  but  not  much  different. 

The  results  show  that  in  the  case  of  a  familiar  sound 
the  judgment  of  its  distance  is  based  upon  the  difference  in  intensity. 

A  fact  analogous  to  the  results  of  these  experiments  is  found  in  optics 
where  the  difference  in  distance  is  judged  by  the  apparent  magnitude  of 
objects  familiar  to  the  sight  and  of  known  size. 


Fig.  21. 
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2.   Relation  between  the  perception  of  distance  of  a  sound  ana  its  intensity. 

In  the  preceding  experiments  we  have  considered  the  change  in  the 
distance  of  the  perceived  sound  which  depends  upon  the  change  in  the 
intensity  of  the  telephone  sounds  owing  to  the  change  in  the  intensity  of 
the  electric  current.  By  this  method  the  quantitative  relation  between  the 
distance  of  a  perceived  sound  and  the  physical  intensity  of  the  sound 
cannot  be  found,  for  it  is  very  difficult  to  measure  the  change  in  the  in- 
tensity of  a  sound,  either  absolutely  or  relatively,  as  depending  on  the 
change  in  the  intensity  of  the  electric  current.  To  obtain  a  quanti- 
tative relation  I  was,  therefore,  compelled  to  change  the  intensity  of 
a  sound  by  changing  the  distance  of  the  sounding  body.  By  that 
method  the  relation  between  the  change  in  the  perception  of  distance 
and  the  change  in  the  intensity  of  a  sound  could  be  more  easily  es- 
tablished, for  the  intensity  of  sound-waves  diminishes  according  to 
the  law  of  inverse  square  of  distance.  I  could  not  perform  the  ex- 
periment for  a  greater  distance  than  8  feet,  for  the  cloth  chamber 
within  which  I  was  compelled  to  execute  the  experiment  to  avoid  re- 
flection of  the  sound  was  a  cube  of  6  feet,  the  diagonal  being  about  8.5 
feet  long.  The  subject  was  seated  in  a  chair  in  one  corner  of  the 
chamber.  A  tape  measure  was  stretched  from  that  corner  to  the  opposite 
corner  on  a  level  with  the  top  of  the  head  of  the  subject ;  the  head  was 
adjusted  by  a  support  in  such  a  way  that  the  tape  measure  would  run  in 
the  median  plane  of  the  head.  The  point  of  the  measure  at  which  it 
was  intersected  by  a  perpendicular  drawn  from  the  middle  point  of  the 
imaginary  line  connecting  the  openings  of  the  ears  was  regarded  as  the 
zero  point.  I  used  a  telephone  sound  which  was  connected  with  an 
electro-magnetic  fork  of  250  vibrations  per  second.  Between  the  fork 
and  the  telephone  a  short  circuit  key  was  inserted,  by  means  of  which  the 
duration  of  the  telephone  sound  could  be  regulated.  The  telephone  was 
to  be  moved  below  the  tape  measure  and  parallel  to  it,  so  that  it  was 
situated  in  the  median  plane  at  the  level  of  the  openings  of  the  ears. 

The  first  step  of  the  experiment  was  to  find  the  point  at  which  the 
subject  judged  the  sound  to  be  distant  just  one  foot.  Let  this  point  be 
called  A.  The  next  step  was  to  give  two  short  sounds  with  a  brief  in- 
terval between  them,  the  first  at  the  point  A  and  the  second  at  a  different 
point.  The  subject  was  to  judge,  with  his  eyes  closed,  whether  the 
second  sound  was  twice  as  far  distant  as  the  first  sound.  If  the  subject 
thought  that  the  second  sound  was  nearer  or  farther  than  twice  the  dis- 
tance of  the  first  sound  then  the  experiment  was  to  be  repeated  by  giving 
the  second  sound  at  a  farther  or  a  nearer  point.  After  many  experiments  a 
point  would  be  found  at  which  the  second  sound  appeared  to  be  just  twice 
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as  far  as  the  first  one.      In  a  similar  way  the  points  were  found,  at  which 
the  se<  ond  sound  was  judged  to  be  three  times,  four  times  and  five  times 

distant  as  the  first  sounds.  In  this  way  the  relation  between  the  dis- 
tances in  the  mental  and  physical  scales  was  established.  During  the 
experiment  the  intensity  of  the  telephone  sound  was  kept  constant,  so 
that  the  change  in  the  intensity  of  the  perceived  sound  would  arise 
only  from  the  change  in  the  distance  of  the  sound,  and  could  be  ex- 
pressed  by  the  accepted  law  of  the  propagation  of  sound. 

I  made  the  experiments  on  the  two  subjects  I.  M.  and  K.  M.  More 
than  ioo  experiments  were  tried  for  each  point  of  the  scale  of  distance, 
care  being  taken  to  avoid  the  effect  both  of  practice  and  fatigue. 

both  subjects  judged  the  sound  to  be  about  one  foot  (3.1°'")  distant 
when  the  sound  was  given  at  the  point  40'"1  distant  from  the  o  point 
of  the  tape  measure,  b'or  the  subject  I.  M.  the  relative  mental  scale  of 
the  distances  1,  2,  3,  4,  5  corresponded  to  the  physical  scale  of  the  dis- 
tances 40,  80.9,  112. 4,  159.3,  185.9  cm.,  and  for  the  subject  K.  M.  the 
relative  mental  scale  of  the  distances  1,  2,  3,  4,  5  corresponded  to  the 
physical  scale  of  the  distances  40,  79.2,  117,  152,  193.5  cm-  Now  as 
these  physical  distances  are  the  distances  between  the  middle  point  of  the 
auditory  axis  (connecting  the  ears)  and  the  telephone,  and  as  the  distance 
between  this  point  and  the  opening  of  the  ear  is  about  8'"',  we  have 
for  the  square  of  the  distance  between  the  ear  and  the  telephone  the  sum 
of  the  squares  of  the  above  two  distances,  i.  e.,  the  distance  between  the 
telephone  and  the  middle  point  of  the  auditory  axis  and  the  distance  be- 
tween the  middle  point  and  the  opening  of  the  ear,  for  these  three  distances 
respond  to  the  three  sides  as  a  right-angled  triangle.  Finding  the 
squares  of  the  distances  between  the  ear  and  the  telephone,  which  corre- 
spond to  the  distances  in  the  mental  scale,  we  have  for  I.  M.,  1664,  6609, 
1298,  25440,  34623.  Dividing  these  figures  by  1664  (to  get  the  relative 
distances)  we  have  the  ratios  1,  ^.7,,  7.5,  15.4,  20.8.  The  squares  of  the 
<li>tances  for  K.  M.  are  1664,  6337,  13753,  23168,  37506.  Finding 
the  ratios  we  have  1,  3.8,  S.3,  13.9,  22.3. 

The  ratios  in  the  above  two  cases  are  nearly  equal  to  the  squares  of  the 
distances  of  the  sounds  in  the  mental  scale,  namely,  1,  2,  3,  4,  5. 
A-  tiie  re<  iprocals  of  these  ratios  represent  the  relative  intensities  of  the 
sounds,  the  conclusion  appears  justified  that  when  the  intensity  of  a 
sound  diminishes  in  geometrical  progression  the  perceived  distance  of 
the  sound  increases  in  arithmetical  progression. 

3.  Continual  change  in  (lie  distance  of  a  perceived  sound  due  to  the  move- 
ment of  the  two  component  sounds. 

In  connection  with  the  question  of  distance  I  conducted  other  sets  of 
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experiments  in  which  the  objective  positions  of  the  two  component 
sounds  were  simultaneously  changed,  while  their  intensities  were  kept 
constant,  and  obtained  results  which  showed  again  the  dependence  of  the 
perception  of  distance  upon  the  change  in  the  intensity  of  the  perceived 
sound.      In  these  experiments  the  spherical  cage  (Figure  1)  was  used. 

a.  The  two  telephones  were  moved  along  the  radii  of  the  horizontal 
circle  of  the  cage.  The  directions  in  which  the  two  telephones  were 
moved  are  as  given  below.  The  arrows  indicate  the  directions,  and  the 
letters  indicate  the  points  of  the  spherical  cage  as  explained  on  p.  3  ; 
thus  the  expression  for  Number  1  means  that  the  two  telephones  were  placed 
at  first  very  near  to  the  ears  and  they  were  then  moved  simultaneously  to 
the  points  r  and  /,•  Number  3  means  that  they  were  started  at  the  front  and 
the  back  very  near  to  the  head  and  were  moved  to  f  and  b  ;  Number  5 
means  that  one  of  the  two  telephones  was  started  at  r  and  moved  to  the 
ear,  while  the  other  telephone  was  started  at  the  left  ear  and  moved  to  I ; 
etc. 

1.   /-<-ssear  ears-^-  r;  2.   /W-»-ear  ear-<-=sr/ 

3.  /-<-shead»->-£;  4.  /s->-head-«-s£  ; 

5.   /-*-sear  ear-*— sr;  6.   /s->-ear  ears-w. 

Five  or  eight  experiments  were  made  for  each  case  and  the  judgments 
of  the  observer  T.  N.  in  regard  to  the  directions  of  the  perceived  sounds 
under  the  conditions  were  as  given  below  ;  n  means  the  nose,  x  means 
doubtful,  k  means  within  the  head. 

1.  k—f,  k-x,  k—b(x),  k—b(jx),  k,  /£(/),  k—f  and  /~<r~ik*~-*-r,  k-f  and 
I  -<r-i  ;    -»-/*/ 

2.  /,  b-k,  b—k,  b—k,  b—k,  b—k,  f-n,  k(f)  ; 

3.  k-f,  n-f,  n-f,  k{f)-f  n-f; 

4.  f-n,  f-n,  f-n,  f-n,  f-n,  f-n  ; 

5.  l-r,  l-r,  l-r,  l-r  ; 

6.  r-1,  r-1,  r-I,  r—l,  r—l. 

In  Number  1  the  two  ears  of  the  observer  were  stimulated  at  first  by 
strong  sounds  and  he  felt  the  sound  in  the  interior  of  his  head.  As  the 
telephones  were  moved  along  the  auditory  axis  farther  and  farther  from 
the  ears  the  intensities  of  two  sounds  grew  weaker  and  the  perceived 
sound  emerged  from  the  head  and  receded  along  the  median  plane  more 
and  more  towards/.  But  it  receded  occasionally  towards  b.  This  result 
shows  that  the  continual  change  in  the  distance  of  the  preceived  sound 
arises  from  the  continual  change  in  the  intensity  of  the  sound.  In  this 
experiment  the  observer  perceived  sometimes  two  sounds  separately, 
though  at  the  same  time  he  perceived  a  third  sound  in  in  the  median 
plane.      Number   2   is  just  the  reverse  of  Number   1.     The  sound  was 
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perceived  at  first  in  front  or  back  at  a  certain  distance  and  then  it  grad- 
ually approached  towards  the  head  and  at  last  entered  the  head. 

It  is  interesting  to  note  here  that  in  Number  2  the  sound  seemed  to 
start  generally  at  b  while  in  Number  1  it  seemed  to  stop  generally  at/, 
though  the  intensity  of  the  stimulation  of  the  ears  at  the  instant  of  start- 
ing in  Number  2  was  just  like  the  intensity  of  the  stimulation  of  the  ears 
at  the  instant  of  stopping  in  Number  1.  In  Number  1  the  observer  was 
sure  that  the  sound  was  in  front,  for  in  the  first  half  of  the  experiment 
the  perceived  sound  was  very  strong,  and  therefore  he  continued  to  think 
that  the  sound  was  still  moving  in  the  same  direction  even  when  its  inten- 
sity grew  weaker  and  weaker.  He  thought  only  occasionally  that  the 
sound  moved  towards  the  back,  but  he  was  very  doubtful  of  his  judgment. 
In  Number  2  the  case  is  a  little  different.  In  this  case  the  sound  was 
heard  with  less  intensity  at  the  first  moment  than  in  the  succeeding  mo- 
ments, and  the  observer  was  in  doubt  at  first  whether  it  was  in  front  or 
in  back.  It  was  his  usual  experience  that  when  a  sound  was  at  the  back 
he  was  generally  in  a  state  of  doubt.  So  in  this  case  he  judged  that  the 
sound  started  from  the  back,  and  consequently  he  continued  to  think  that 
the  sonnd  was  still  moving  from  back  even  when  the  sound  grew  stronger. 
Thus  1  and  2  show  that  the  perception  at  a  certain  instant  is  influenced 
by  the  perception  of  the  preceding  instant. 

In  Number  3  the  sound  in  front  was  heard  with  greater  intensity  than 
the  sound  at  the  back  at  the  same  distance.  Moreover  the  sound  was 
heard  at  first  with  great  intensity.  The  observer  could  not,  therefore, 
doubt  that  the  sound  was  in  the  front  very  near  to  the  head.  As  the  in- 
tensity became  less  the  distance  of  the  perceived  sound  increased.  Num- 
ber 4  is  the  reverse  of  Number  3  and  needs  no  explanation. 

Most  interesting  results  were  given  by  Number  5  and  Number  6,  in 
which  we  found  striking  examples  of  the  dependence  of  the  perception 
of  distance  upon  intensity.  In  these  cases  the  two  telephones  were 
moved  in  the  same  direction  and  not  in  the  opposite  direction  as  in  the 
previous  four  cases.  Here  the  observer  perceived  the  sound  to  be  travel- 
ling in  a  direction  reverse  to  the  direction  of  the  movement  of  the  tele- 
phones. In  Number  5  one  telephone  was  moved  from  r  to  the  right 
ear,  while  the  other  telephone  moved  from  the  left  ear  to  /,  so  that 
the  direction  of  movement  of  the  two  telephones  was  from  right  to  left. 
The  observer  perceived  the  sound  to  be  travelling  from  left  to  right. 
The  explanation  is  simple  and  clear.  At  first  the  sensation  of  the  left  ear 
was  relatively  stronger,  and  gradually  grew  weaker,  whereas  the  sensation 
of  the  right  ear  was  at  first  relatively  weaker  and  gradually  grew  stronger. 
At  a  certain  point  the  intensities  of  the  two  sensations  became  equal.     Con- 


Researches  on  acoustic  space.  63 

sequently  the  sound  was  at  first  perceived  on  the  left  side  near  to  the 
ear,  then  it  was  perceived  in  the  median  plane,  and  at  last  it  was  per- 
ceived on  the  right  side  near  to  the  ear.  The  intermediate  points  were 
passed  in  succession.  As  a  whole  the  sound  seemed  to  have  travelled 
from  left  to  right.     Number  6  is  just  the  reverse  of  Number  5. 

All  the  six  cases  show  that  the  distance  of  the  perceived  sound  depends 
upon  the  intensity  of  the  sound.  The  change  in  the  former  is  continu- 
ous when  the  change  in  the  latter  is  continuous.  Continuous  change  in 
the  intensity  of  a  sound  is  always  perceived  as  a  change  in  the  distance  of 
the  sound,  i.  e.,  as  a  motion  of  the  sound,  whether  that  change  in  in- 
tensity is  caused  by  actual  motion  or  not. 

/'.  The  two  telephones  were  moved  along  the  circumference  of  the  hori- 
zontal or  frontal  circle  of  the  spherical  cage.  The  objective  path  along 
Avhichthe  two  telephones  were  moved  were  as  indicated  below.  The  ex- 
pression for  Number  1  means  that  the  two  telephones  were  started  at  the 
front  and  were  moved  around  simultaneously  to  the  left  and  right ;  Num- 
ber 3  means  that  they  were  started  at  the  left  and  right  and  were  moved 
simultaneously  toward  the  front,  etc. 

1,  /-«-k/s-w;  2,  Z~esbs+r;  3,  /s->/<-5  r;  4,  Is+b^sr;  5, 
l<  r:<?a>  r ;  6,  l<  tzu-x.  >  r ;  7,  fe-*-<?-«-sr;   8,  /-^w/-« — r. 

The  number  of  experiments  for  each  case  was  from  4  to  6.  The  judg- 
ments of  the  observer  T.  N.  in  regard  to  the  directions  of  the  perceived 
sounds  under  these  conditions  were  as  follows  : 

1 .  f-n,  f-n,  f-n,  f  f-fo-o. 

2.  b—k,  b—k,  b—f,  b—bo—  0  or  f-u. 

3.  k-f,f,  k(b)  or  k(f)-f,  b-x-f. 

4.  k-b,  k-b,  k—b,  n—b. 

5.  o-k,  o-k,  o  or f  o-b. 

6.  u—n,  u—k,  u—uf—f,  it-uf-k. 

7-    n-f,  f-b,  f-o,  f-o,  k-o(b),  f-fo-o. 

8.   n—u,  n—u,  n—u,  k—u. 

In  all  cases  the  intensities  of  the  sounds  for  the  two  ears  were  equal  and 
the  perceived  sound  was  always  located  somewhere  in  the  median  plane. 
Special  results  were  observed  as  follows. 

Number  1.  When  the  telephones  were  moved  from  /  to  r  and  /,  the 
sound  was  perceived  to  travel  in  the  median  plane  from  some  distant 
point  in  front  inward  to  the  nose  or  the  head  of  the  observer.  This  de- 
crease of  distance  presumably  arose  from  the  increase  of  the  intensity  of 
the  perceived  sound,  for  under  these  conditions  the  perceived  sound  is 
stronger  on  account  of  the  action  of  the  pinnae,  when  the  objective  sounds 
are  situated  more  towards  the  auditory  axis  than  when  they  are  situated 
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more  towards  front.  But  as  the  tragus  has  some  influence  upon  the  in- 
tensity ol  the  perceived  sound,  the  ol 'server  was  sometimes  in  doul>t 
about  the  direction  of  motion  of  the  sound  as  the  telephones  were  passing 
about  the  points  fl  and  fr. 

Number  2.  When  the  telephones  were  moved  from  b  to  r  and  /  the 
sound  was  perceived  to  be  travelling  from  b  to  k  or  from  b  to  /.  This 
needs  no  explanation,  for  it  is  analogous  to  Number  i. 

Number  3  and  Number  4  are  just  the  reverse  of  Number  1  and  Number 
2  and  the  sounds  were  perceived  to  pass  from  k  to  /  and  from  k  to  b  re- 
spectively. 

Number  5  and  Number  6  ran  be  explained  in  a  similar  way.  On  ac- 
count of  the  pinnae  and  the  direction  of  the  external  meatus,  sounds 
coming  from  above  or  below  are  heard  with  less  intensity  than  sounds 
coming  from  the  direction  of  auditory  axis.  Accordingly  the  intensity 
of  the  perceived  sound  increases  gradually  as  the  telephones  are  moved 
from  above  or  below  toward  the  auditory  axis,  and  the  distance  of  the 
perceived  sound  seems  to  decrease. 

Number  7  and  Number  8  are  the  reverse  of  Number  5  and  Number  6. 

It  is  interesting  to  note  that  in  Number  7  the  sound  was  sometimes 
perceived  to  have  travelled  from  /  to  b,  or  /  to  0,  or  n  to  /,  instead  of 
travelling  from  /•  to  o.  From  this  we  can  see  that  in  discriminating 
directions  in  the  median  plane  much  depends  upon  the  interpretation  of 
the  observer.  In  number  7  the  stimulation  of  the  ears  was  strongest  in 
the  beginning  ;  then  grew  less  and  less  as  the  telephones  were  moved 
gradually  upward.  This  decrease  of  the  intensity  can  be  interpreted 
by  the  observer  as  the  effect  of  motion  of  sound  from /to  b,  or/ to  0,  or 
n  to/ 

Finally  in  connection  with  the  question  of  distance  we  must  call  at- 
tention to  the  endocephalic  localization  which  we  have  already  noticed. 
When  the  intensity  of  the  two  sounds  opposite  the  ears  becomes  very 
great  the  perceived  sound,  which  is  localized  at  first  in  the  median 
plane,  approaches  the  head  and  at  last  enters  it.  This  endocephalic 
localization  is  sometimes  so  strong  that  the  subject  cannot  get  rid  of  the 
illusion,  though  he  knows  perfectly  well  that  the  objective  sounds  are 
outside  the  head.  This  illusion  occurs  more  strikingly  when  the  tele- 
phones are  placed  against  the  ears  or  when  conducting  tubes  are  put 
into  the  ears.  Under  such  conditions  the  sound  is  heard  in  the  head 
even  if  the  intensity  is  not  very  great.  An  experiment  of  Schaefer1 
is  interesting  in  this  connection.      In  his  experiments  a  telephone  was 

[AEFER,    Zur   interaurealen    Localisation   diolisclur    Wahrnehmungen,    Zt.    f. 
1  -yciol.  u.  Physiol,  d.  Sinn.,  1890  I  300. 
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brought  near  to  a  funnel  receiver,  which  communicated  with  the  two 
ears  by  means  of  a  forked  tube  with  arms  of  equal  length.  The 
telephone  was  connected  with  the  secondary  coil  of  a  sliding  indue  - 
torium.  At  the  start  the  secondary  coil  was  put  at  a  great  distance  from 
the  primary  coil  of  the  inductorium  and  then  the  secondary  coil  was 
gradually  brought  nearer  to  the  primary,  during  which  the  change  in 
localization  was  observed.  It  was  found  that  the  apparent  sound  ap- 
proached the  head  according  to  the  decrease  of  the  distance  between  the 
primary  and  secondary  coils,  so  that  the  sound  finally  crept  into  the  head 
and  occupied  a  position  between  the  ears.  If  one  of  the  arms  was 
closed  the  sound  would  shift  to  the  auditory  canal  of  the  opposite  ear. 
If  the  secondary  coil  were  then  moved  farther  from  the  primary  coil  the 
sound  would  go  out  from  the  auditory  canal  to  the  space  on  the  side  of 
that  ear.  If  the  pressed  tube  were  then  opened,  the  sound  would  move 
to  the  median  plane  at  some  distance  from  the  head.  With  many  per- 
sons the  sound  entered  or  emerged  from  the  head  at  the  root  of  the  nose 
according  to  the  increase  or  decrease  of  the  intensity  of  the  telephone 
sound. 


VI.  The  least  perceptible  change  in*  the  direction  of  a  sound. 

In  our  previous  experiments  we  found  that  when  two  telephones  were 
placed  on  opposite  sides  just  in  the  line  of  two  ears  and  the  intensity  of  one 
component  of  the  perceived  sound  was  changed  while  that  of  the  other  was 
kept  constant,  the  perceived  sound  was  located  more  toward  the  side  on 
which  the  objective  sound  was  stronger,  and  more  toward  the  median 
plane  when  the  intensities  of  the  two  component  sounds  became  more 
nearly  equal.  While  conducting  these  experiments  I  noticed  occasionally 
that,  when  the  relative  intensities  of  the  two  sounds  were  in  such  a  relation 
that  the  perceived  sound  was  located  at  r  900  or  /900,  a  small  change 
(itoi^  cm.  for  the  secondary  coil)  in  the  difference  between  the  relative 
intensities  of  two  sounds  was  not  usually  perceived  as  a  change  in  the 
direction  of  the  perceived  sound  and,  in  fact,  was  not  perceived  at  all. 
But  when  the  intensities  of  the  two  component  sounds  were  in  such  a 
relation  that  the  perceived  sound  was  located  just  in  front,  the  change  in 
the  difference  between  the  relative  intensities  corresponding  to  0.5™  or 
icm  was  usually  perceived  as  a  change  in  direction. 

The  explanation  of  the  difference  in  the  above  two  cases  seems  to  me  to 
lie  in  the  fundamental  fact  of  sensation  as  expressed  by  Weber's  law. 
For  the  initial  difference  between  the  relative  intensities  of  the  sounds 
heard  by  the  two  ears  was  greater  in  our  experiments  when  the  perceived 
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nl  was  located  more  toward  the  side,  and  it  was  smaller  when  the  per- 
.  ed  sound  was   located    more  toward  front.      Consequently  a    large 
change  would  be   necessary  in   the  former  case  if  the  change   is  to  be 
perceived. 

The  object  of  the  next  experiment  was  to  make  this  relation  clear. 
A.S  in  my  previous  experiments,  two  telephones  were  placed  on  opposite 
sides.  The  distance  between  the  ear  and  telephone  was  45  em.  The 
intensity  of  one  component  sound  was  kept  constant,  while  that  of  the 
other  component  sound  was  varied  by  means  of  the  secondary  coil;  the 
observer  localized  the  perceived  sound  at  a  certain  point  as  before  when 
the  two  components  were  given  simultaneously.  This  point  was  to  be 
regarded  as  the  initial  direction.  Then,  while  the  two  sounds  were 
given,  one  of  them  was  to  be  moved  from  its  original  position  slowly 
along  the  auditory  axis  till  the  point  was  reached  where  the  observer  just 
noticed  a  change  in  the  initial  direction  of  the  perceived  sound.  The 
distance  traversed  by  this  component  sound  was  measured  by  a  milli- 
meter scale  which  was  fixed  along  the  path  of  the  telephone.  This  dis- 
tance is  called  an  increment  distance  (J),  for  it  is  a  distance  which 
is  required  for  producing  the  least  change  in  the  initial  direction  of  the 
perceived  sound. 

The  results  of  the  experiments  on  the  relation  between  the  change  in 
the  initial  direction  and  the  corresponding  increment  distance  were  as 
given  in  Table  XXVI. 


Table 

XXVI. 

The  right  com 

ponent  sound  constant.    Observer:  C.  W. 

M 

D 

I 

J                        E 

11 

27 

0.6  cm 

f 

13. 1    "\                r 

15 

2 

fr  300 

15.6                      r 

15 

3 

fr  70 

21.7                       r 

15 

4 

r    90 

26.1                        r(h) 

15 

5 

r  90  (b) 

27.5                      r{b) 

7 

.1/,  date  in  March,  I      - 

E,   direction    toward    which 

the  sound 

D,  distance 

(jf   the  secondary  coil  for 

appeared  to  change. 

the  left  telephone. 

//,  number  of  experiments. 

/,     direction 

of    the   perceived    sound 

The  probable  error  of  J    varies  from  ± 

for  UY 

D. 

Mo  to  ±  IlV/o- 

J,   change    in   the  distance 

of  the  left 

telephone. 

In  this  experiment  the  intensity  of  the  sound  produced  by  the  right 
telephone  f  connected  with  the  primary  coil  of  the  inductorium)  was  kept 
constant  while  the  intensity  of  the  sound  produced  by  the  left  telephone 
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(connected  with  the  secondary  coil)  was  varied.  When  the  secondary- 
coil  was  moved  away  from  the  primary  to  the  point  o.6cm  and  sounds 
were  given  from  both  telephones  at  the  same  time  the  observer  located 
the  single  resultant  sound  at  /.  The  resultant  sound  was  localized  at 
fr  300,  fr  jo°,  r  900,  r  900  (<5)  respectively  as  the  coils  were  separated 

„-    -cm    „cm       .cm      -cm 
ai>   2      >3      J    4     J    5      • 

When  the  observer  located  the  sound  at  one  of  above  directions  the 
intensity  of  the  left  component  was  decreased  again  by  moving,  not  the 
secondary  coil,  but  the  left  telephone  itself  from  the  ear  along  the  auditory 
axis,  till  the  point  was  reached  at  which  the  sound  was  just  noticed  to 
shift  from  its  initial  position. 

As  we  find  in  the  table  the  increment  distance  was  least  when  the  per- 
ceived sound  was  initially  located  at  f,  it  increased  gradually  till  it 
reached  its  maximum  when  the  perceived  sound  was  initially  located  at 
rgo°(?>).  When  the  initial  difference  between  the  intensities  of  com- 
ponents heard  by  the  two  ears  was  much  greater  the  increment  distance 
became  greater  than  35cm.  In  our  small  room  we  could  not  make  an 
arrangement  to  move  the  telephone  farther  than  35cm.  The  reason  why 
the  perceived  sound  shifted  its  position  always  toward  the  right  in  this 
experiment  is  easy  to  find,  for  the  intensity  of  the  right  component 
became  relatively  greater  as  the  intensity  of  the  left  component  de- 
creased. We  must  notice  here  the  fact  that  the  perceived  sound  was 
located  at  r  900,  but  a  little  backward  than  just  at  r  900,  when  the  rela- 
tive difference  between  the  intensities  of  sounds  in  the  two  ears  was  very 
great.  A  similar  case  has  been  already  observed  in  our  previous  experi- 
ments. I  have  said  that  it  is  probable  that  what  we  call  commonly  right 
and  left  lies  in  the  line  drawn  tangent  to  the  front  surfaces  of  the  two  eye- 
balls. So  when  the  maximum  difference  in  the  intensities  of  the  com- 
ponents in  the  two  ears  is  obtained,  the  perceived  sound  is  not  located 
just  at  visual  right  or  left,  but,  being  referred  to  the  common  standard 
of  direction,  it  is  located  at  right  or  left,  a  little  toward  back.  Or  we 
may  say  that  the  difference  in  the  relative  intensities  with  which  a  sound 
is  heard  by  the  two  ears  is  greatest,  not  when  the  sound  is  situated  in  the 
visual  rl  line,  but  when  it  is  situated  a  little  behind  it.  On  this  basis 
the  fact  that  the  sound  seemed  to  shift  a  trifle  backwards  from  r  900 
when  the  intensity  of  the  right  component  became  relatively  very 
strong  does  not  disprove  the  dependence  of  the  least  perceptible  change 
in  the  direction  of  a  sound  upon  the  change  in  the  relative  difference  be- 
tween the  intensities  of  the  components  in  the  two  ears.  From  similar 
experiments  conducted  on  a  different  day,  results  were  obtained  in  which 
the  above  relation   can  be  seen   still  more  clearly  (Table  XXVII). 


68 


M.   Matsumoto, 


( I  wing  to  the  slight  changes  in  the  position  of  the  telephones  and  the 
head  of  the  observer  and  minute  changes  in  the  intensity  of  the  sound 
arising  from  the  fluctuaton  of  the  electric  current,-  there  were  some  devia- 
tions in  conditions  for  different  days;  and  consequently  the  results  of  the 
experiments  must  be  considered  for  each  day  separately. 


l\l:M  XXVII. 

The  right  component  sound  constant.      Observer:   C.   W 

M                     D                        I  A  E 

24                           I   o"                             /  9O0  24.9  cm  / 

2                              /'/  70  17.9  b 

4                         /  12.5  r 

4-5                       b  15-7  r 

6  /;-  60  14.2  r 

7  r  90  25.7  r{b) 

Notation  same  as  in  Table  XXVI. 


15 
15 


The    probable  error   of  A  varies    from 

±Ir4,,%tO±2%. 

Some  experiments  made  upon  Dr.  Scripture  gave  similar  results  which 
are  given  in  Table  XXVIII. 


Table 

XXVIII. 

M 

The  right  component 
D 

:  sound  constant 
/ 

Observer, 

J 

Dr. 

Scripture. 
E 

n 

27 

0.6  cm. 

3 
5 

fl  IO° 

/ 

/;-6o 

23.3  cm. 

20.7 

22.7 

f 
r 

r 

9 
10 

10 

Notation  same  as  in  Table  XXVI. 


The  probable  error  of  J  varies  from  — 
to  ±  3lft%. 


In  these  experiments  the  perceived  sounds  were  sometimes  located  to 
the  rear.  In  such  cases  the  least  change  in  direction  was  also  made 
toward  />.  Again,  when  the  initial  direction  was  on  the  left  side  the  least 
perceptible  change  was  made  toward  the  median  plane.  The  shifting  of 
of  the  left  sound  toward  the  median  plane  is  really  a  shifting  toward 
the  right  side,  and  can  be  explained  by  the  relative  increase  of  the 
intensity  of  the  right  component  sound. 

Similar  experiments  were  made  upon  C.  W.  on  different  days,  by  vary- 
ing the  intensity  of  the  right  component  sound  while  keeping  that  of 
the  left  component  sound  constant,  and  similar  results  were  obtained, 
which  are  given  in  Table  XXIX  and  need  no  special  explanation. 
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Table 

XXIX. 

The  left 

component 
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;onstant. 

Observer  :   C.  W. 

M 

D 

I 

J 

E 

n 

(     3em 

r  90 

29-Icm 

I 

14 

8 

5 

A  70 

26.4 

I 

18 

1     8.25 

/ 

I5-I 

I 

15 

f      IO 

/  90 

24.6 

1(b) 

20 

9 

7 

7?  70 

22.4 

I 

20 

1      6 

/ 

20.5 

I 

19 

f      2 

br  80 

34-7 

b 

5 

0 

4 

/>  20 

24.4 

f 

12 

I      7 

/  90 

33-2 

1(b) 

'  4 

'     11 

y?  80 

33-b 

/(b) 

15 

10 

y?  20 

21.4 

I 

17 

1 

9 

/ 

17.6 

I 

15 

7 

_/>  10 

25.6 

I 

13 

.     5 

/r  20 

31-7 

I 

15 

D,  distance  of  the  secondary  coil   for   I        Other  notations  same  as  in  Table  XXVI. 
the  right  telephone.  The    probable    error   of   J  varies   from 

-+-  JLO/   to  -1-  2  A-0/ 

—  10/0  lu  —  ■'ro/o- 

As  the   intensity  of  sound  is  inversely  proportional  to  the  square  of 
distance,  the  intensity  of  the  variable  component  sound  in  the  foregoing 

experiments  is  proportional,  other  things  being  equal,  to  — -2  where 

C  represents  the  initial  distance  (45°m)  between  the  telephone  and  the  ear 
and  J  represents  the  increment  distance.  As  C  is  constant  in  our  experi- 
ments, the  value  of  the  fraction  depends  upon  J.  The  greater  the  change 
in  the  increment  distance,  the  greater  is  the  change  in  the  intensity  of  the 
component.  But  the  change  in  the  increment  distance  which  is  required 
for  producing  the  least  noticeable  change  in  the  initial  direction  would 
be  expected  according  to  Weber's  law  to  depend  upon  the  value  of  the 
initial  difference  between  the  intensities  of  the  two  components.  This 
expectation  was  realized  in  the  actual  results  of  the  foregoing  experiments. 
For  in  these  experiments  the  increment  distance  was  smallest  when  the 
sound  was  initially  located  in  front  or  behind,  that  is,  when  the  initial 
difference  between  the  intensities  of  the  component  sounds  in  the  two 
ears  had  the  smallest  value  possible  (namely,  zero).  The  increment  dis- 
tance increased  gradually  as  the  initial  difference  between  the  intensities 
of  the  component  sounds  in  the  two  ears  became  greater,  and  conse- 
quently as  the  perceived  sound  was  initially  located  more  towards  the 
right  or  left  side. 

VII.  Theoretical  conclusions. 

Sounds  are  located  both  as  to  direction  and  distance  from  ourselves  as 
the  center.     In  the  foregoing  experiments  we  have  found  that  the  judgment 
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o\  the  direction  of  a  sound  depends  chiefly  on  the  relative  difference  be- 
tween the  intensities  of  the  component  sounds  heard  by  the  two  ears, 
while  the  absolute  intensity  of  the  perceived  sound  is  supplementary  to 
this  fundamental  factor.  The  judgment  of  the  distance  of  a  sound  de- 
pends, on  the  contrary,  chiefly  on  the  absolute  intensity.  To  these  fac- 
tors in  the  localization  of  a  sound  we  may  add  other  cooperating  factors, 
such  as  relative  and  absolute  pitch,  timber  and  phase.1  With  these 
data  at  hand  it  becomes  necessary  to  impure  how  they  bring  about  the 
localization  of  a  sound.  There  are  several  theories  of  the  way  in  which 
this  is  done ;  these  will  be  briefly  discussed. 

i .    Theory  of  a  direct  acoustic  space. 

This  theory  assumes  that  a  sound  heard  by  the  right  ear  is  distinguish- 
able from  that  heard  by  the  left  ear  ;  that  the  right  and  left  components  of 
a  sound  heard  with  both  ears  produce  an  effect  in  consciousness  which 
varies  with  the  relative  intensity  of  the  components ;  that  this  effect  is  an 
experience  analogous  to  that  from  simultaneous  but  not  identical  sensa- 
tions of  sight  or  touch  ;  that  it  should  be  considered  to  be  one  of  the  kinds 
of  space  analogous  to  visual  space  or  tactual  space  ;  and  that  this  acoustic 
space  is  brought  into  relation  to  and  modified  by  visual,  tactual  and 
muscular  experiences. 

This  might  be  called  a  direct  theory  of  acoustic  space.  Although  no 
positive  objection  can  be  made,  it  seems  somewhat  artificial  and  not  well 
adapted  to  explain  the  methods  by  which  we  localize  sounds. 

2.    Tactual  theory. 

Some  psychologists  have  sought  the  ultimate  origin  of  acoustic  space 
in  the  tactual  sensations  of  the  tympanic  membrane. 

One  form  of  this  theory  assumes  :  i,  that  special  sensations  of  touch 
are  received  from  different  parts  of  the  tympanum  ;  2,  that  the  sound- 
wave arouses  the  sensations  from  the  tympanum  ;  and  3,  that  different 

1 TJRBANTSCHITSCH,  Zur  Lehre  von  der  Schallempfindung,  Archiv  f.  d.  ges.  Physiol. 
(Pfluger),  1SS1  XXIV  574. 

RAYLEIGH,  Our  perception  of  the  direction  of  a  source  of  sound,  Nature,  1876  XIV 
32.       Rayleigh,  Acoustical  observations,  Phil.  Mag.,  1877  (5)  III  456. 

Mach,  Bemerkung  iiber  die  Function  der  Ohrmuschel,  Arch.  f.  Ohrenheilk.,  1875 
■     I    'ill  72. 

Thompson,  On  binaural  audition,  Phil.  Mag.,  1877  151  IV  274;  1S78  VI  383 ; 
1881  XII  351.  THOMPSON,  On  tlie  function  of  the  two  ears  in  the  perception  of  space, 
Phil.  Mag.,  1882  (5)  XIII  406. 

Bloch,  Das  binaurale  Horen,  Zt.  f.  Ohrenheilk.,  1893   XXIV  25. 
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parts  of  the  tympanum  are  affected  according  as  the  direction  of  the 
sound  is  different.1 

The  first  assumption  is  in  all  probability  justified  ;  the  tympanum  is  un- 
doubtedly sensitive  and  the  stimuli  applied  to  different  portions  can  be 
presumably  distinguished. 

The  second  assumption  is  not  so  readily  to  be  accepted  in  view  of  the 
fact  that  the  energy  of  the  air-vibrations  is  extremely  small,  in  fact  so 
small  that  a  most  complicated  apparatus,  the  internal  ear,  has  been  spec- 
ially adapted  to  transform  the  air-vibrations  into  nerve-currents.  There 
is  no  conclusive  experimental  evidence  to  support  the  view  that  sound- 
waves can  be  directly  felt  by  the  end  organs  or  the  nerves  of  touch.  In 
the  perception  of  sounds  the  tympanum  is  not  the  true  receptive  organ, 
but  only  a  part  of  a  mechanical  device  by  which  the  vibrations  are 
gathered  and  conveyed  to  the  internal  ear.2 

The  third  assumption  is  quite  untenable.  The  diameter  of  the  audi- 
tory canal  is  too  small  to  permit  of  different  degrees  of  pressure  at  differ- 
ent points  of  the  tympanum  at  the  same  moment ;  we  can  without  hesita- 
tion consider  the  pressure  as  equal  over  all  parts  of  the  tympanum.3 

A  second  form  of  this  theory  to  the  effect  that  the  touch  organs  of  the 
tympanic  membranes  in  the  two  ears  are  affected  differently  by  sounds 
coming  from  different  directions  would  be  consistent  with  observations  of 
cases  in  which  the  ability  to  localize  sounds  was  lost,  together  with  the 
sensitiveness  of  the  tympanum.4  In  spite  of  some  minor  observations 
that  may  be  interpreted  in  favor  of  this  theory  it  is  difficult  to  agree  with 
Wundt5  in  accepting  it  even  partially  ;  at  any  rate  such  an  extremely  re- 
markable sensitiveness  of  the  tympanum  should  be  most  thoroughly  es- 
tablished before  a  final  decision  could  be  given  in  favor  of  it. 

3.    Theory  of  a  special  space  organ. 

According  to  Prever  the  semicircular  canals  are  the  organs  for  the  per- 
ception of  the  direction  of  a  sound.6    By  means  of  a  specific  energy  of  the 

1  Kupper,  Ueber  die  Bedeutung  der  Ohrmuschel  des  Menschen,  Archiv  f.  Ohrenheilk., 

1874  n.  F-  II  (3)  158. 

^THOMPSON,  On  the  function  of  two  ears  in  the  perception  of  space,  Phil.  Mag.,  1882 
(5)  XIII  406. 
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ampullae  of  the  semicircular  canals  a  particular  kind  of  sensation  is  produced 
when  they  arc  excited  by  a  sound  from  a  particular  direction.  The  sen- 
on  is  different  according  to  the  direction  from  which  the  sound 
comes,  because  a  sound  must  stimulate  more  strongly  one  canal  or 
pair  of  canals  in  a  way  depending  on  its  direction.  As  the  six  canals 
are  excited  with*  different  relations  of  intensities  by  sounds  from  dif- 
ferent directions,  the  sensations  which  are  produced  by  the  specific  energy 
of  the  ampullae  are  different  corresponding  to  the  different  directions  of 
the  sounds.  These  differences  of  sensations  give  us  the  ideas  of  the 
directions  of  sounds.  "If  we  consider,"  says  Prevkr,  "  that  by  the 
stimulation  of  an  ampulla  with  the  vibration  of  the  liquid  of  the  canal 
belonging  to  that  ampulla  a  sensation  of  sound  is  produced  which  is  dif- 
ferent from  the  sensation  produced  by  the  stimulation  of  another  ampulla, 
though  the  two  are  exactly  alike  in  respect  to  intensity,  pitch  and  tim- 
bre, and  if  the  difference  between  the  two  arises  simply  because  the  dif- 
ferent nerve-fibers  are  stimulated,  we  cannot  but  regard  this  difference  as 
spatial." 

Prever's  assumption  that  a  canal  is  most  strongly  stimulated  by  a 
sound  lying  in  the  plane  in  which  the  canal  lies  is  irreconcilable  with  the 
elementary  facts  of  the  physics  of  sound.  The  sound-waves  which  are 
transmitted  through  the  air  reach  the  membrana  tympani  and  then  move 
the  chain  of  ossicles,  and  at  last  the  lymphatic  liquid  of  the  inner  ear. 
During  this  conduction  the  sound-wave  is  changed  into  a  movement  of  a 
membrane,  a  movement  of  a  set  of  bones,  a  movement  of  a  liquid,  etc. 
There  is  no  possibility  of  any  change  of  direction  of  these  movements 
for  changes  in  the  direction  of  the  sounding  body,  and  consequently  no 
possibility  of  a  varied  action  on  the  semicircular  canals. 

Prever  may  have  thought  that  the  sound-waves  are  conducted  directly 
from  the  air  through  the  skull  bones  into  the  head  and  thus  to  the  semi- 
circular canals  ;  at  least,  this  seems  the  only  possible  construction  of  his 
view.  The  conduction  of  sound-waves  by  the  cranial  bones  comes  into 
play  when  a  sonorous  solid  body  is  either  in  immediate  contact  with  the 
skull,  or  is  connected  with  it  by  a  chain  of  solid  or  fluid  bodies,  or  when  the 
medium  immediately  surrounding  the  head  is  not  gaseous  as,  for  instance, 
when  the  head  is  immersed  in  water.  With  aquatic  vertebrates  we  can 
not  deny  the  cranial  conduction  of  sounds,  but  for  most  sounds  it  is 
certain  that  in  the  case  of  human  beings  the  cranial  conduction  plays  no 
part.  The  sound  waves  are  mostly  reflected  from  the  surface  of  the  head, 
and  the  conduction  directly  through  the  cranial  bones  and  tissues  is  in- 
finitesimal. 

Preyer's  theory  next   involves  the  assumption  that  the  sound-waves 
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affect  the  canals  differently,  according  to  the  direction  of  the  sound. 
He  evidently  viewed  the  sound  as  a  force  entering  the  head  and  being 
resolved  into  three  components  with  intensities  depending  upon  the 
angles  made  by  the  direction  of  the  force  with  the  planes ;  he  had  prob- 
ably in  mind  the  familiar  method  of  resolving  a  movement  or  a  velocity 
into  three  components  in  planes  at  right  angles  to  each  other.  The  ab- 
surdity of  such  a  position  is  at  once  evident  to  any  one  acquainted  with 
the  elementary  ideas  of  wave-motion.  A  sound-wave  passing  through 
the  air  consists  of  alternate  condensations  and  rarefactions — not  of  a 
line  or  of  a  plane — but  of  a  more  or  less  spherical  surface.  The  sound- 
wave passing  through  the  head  is  of  a  similar  sort.  There  is  not  the  re- 
motest reason  for  believing  that  the  molecules  of  a  liquid  in  a  curved 
tubular  bone  will  vibrate  differently  according  as  the  sound-wave  ap- 
proaches from  different  directions  in  the  mass  in  which  the  bone  is  im- 
bedded. 

This  theory  of  Preyer's  was  accepted  by  MUnsterberg1  as  the  start- 
ing point  of  a  reflex-muscular  theory  of  acoustic  space.  "The  different 
movements  of  the  head,  which  can  be  aroused  by  stimulation  of  the  semi- 
circular canals,  arouses — by  means  of  the  muscle  sense — that  threefold 
system  of  sensations  of  movement  which  forms  the  basis  of  our  acoustic 
space."  "  To  localize  a  sound  means  to  assign  to  its  place  in  the  whole 
system  of  sensations  of  head-movements  the  sensation  of  that  reflex  head- 
movement  which  is  necessary  in  order  to  turn  toward  the  source  of  the 
sound." 

Concerning  the  possibility  of  the  direct  stimulation  of  the  semicir- 
cular canals  nothing  further  needs  be  said. 

As  for  the  results  of  Mi xsterberg's  experiments  on  the  least  per- 
ceptible change  in  the  direction  of  a  sound,  they  cannot  be  regarded  as 
a  proof  of  his  theory.  It  has  been  made  clear  by  the  experiments  of 
Bloch2  and  by  mine  that  the  curve  of  the  least  perceptible  change  can 
be  explained  by  the  principles  of  relative  and  absolute  intensities. 

4.   Motor  theory. 

The  essential  factor  in  the  motor  theory  seems  to  be  this  :  A  sound 
perceived  by  the  ear  brings  with  it  an  impulse — conscious  or  uncon- 
scious— to  move  toward  it ;  this  motor  impulse  and  its  results  are  what 
appear  to  us  as  the  localization  of  the  sound.  This  theory  assumes  that 
these  motor  impulses  are  aroused  in  definite  relations  by  the  factors  men- 

aMuNSTERP.ERG,  Raumsinn  des  Ohres,  Beitrage  z.  exper.  Psychol.,    1889  II  182. 
2  Bloch,  Das  binanrale  Horen,  Zt.  f.  Ohrenheilk.,  1893  XXIV  25. 
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tioned  at  the  beginning  of  this  section  (p.  70),  namely,  absolute  in- 
tensity of  the  sound,  relative  intensity  for  the  two  ears,  etc.  The  form 
of  the  motor  space  is  derived  from  past  experience  under  influence  of  the 
visual  spare  :  m  fact,  the  space  in  which  the  sound  is  localized  is  our 
usual  visual-tactual-motor  space  with  which  the  sound  is  connected  by  the 
motor  impulses.  In  this  compound  space  the  visual  sensation  is  the  most 
important  element.  The  tactual  sensation  seems  rather  to  be  of  second- 
ary importance  except  in  the  case  of  the  blind.  Speaking  genetically  we 
can  recognize  the  position  of  a  sound  only  when  acoustic  and  visual  sensa- 
tions are  connected  with  each  other  in  a  definite  relation.  It  is  unthink- 
able that  we  can  recognize  the  position  of  a  sound  without  connecting 
the  former  directly  or  indirectly  with  the  latter.  A  definite  connection 
1  tetween  these  two  can  be  accomplished  through  the  medium  of  a  definite 
muscular  action.  These  three  elements  have  occurred  in  connection  with 
each  other,  and  have  been  firmly  associated  in  the  course  of  time,  so  that 
when  one  of  them  is  present  the  others  will  be  necessarily  called  forth. 
When  the  visual  sensation  fails,  as  in  the  case  of  a  blind  person,  then 
tactual  sensation  takes  its  place. 

From  a  biological  point  of  view  this  theory  seems  quite  natural.  In 
the  course  of  natural  selection  the  survivors  have  obtained  the  power  of 
reacting  suitably  to  the  different  acoustic  sensations  which  they  receive 
from  the  surrounding  world. 

To  react  suitably  upon  an  acoustic  sensation  we  must  first  of  all  recog- 
nize the  direction  from  which  the  sound  comes.  To  recognize  the  di- 
rection it  is  necessary  that  the  auditory  sense  should  be  assisted  by  other 
senses.  But  as  the  auditory  sense  has  to  do  with  more  or  less  distant  ob- 
ject, it  must  be  chiefly  the  visual  sensation  which  is  combined  with  the 
auditory  sensation  to  assist  it  in  perceiving  the  direction  of  the  sonorous 
object.  To  perceive  an  object  in  a  certain  direction  the  head  must  be 
moved  so  that  the  object  will  be  brought  in  the  line  of  visual  fixation 
or  in  the  median  plane.  In  the  beginning  this  will  not  be  easily  done, 
but  after  practice  it  will  be  found  that  the  instant  at  which  the  sound  is 
equally  loud  in  both  ears  is  the  instant  at  which  the  source  of  sound  is 
found  in  the  median  plane.  Again  we  have  already  seen  that  a  sound 
situated  in  the  median  plane  will  be  best  heard  when  it  is  in  the  line  of 
sight.  Thus  after  the  source  of  sound  has  been  brought  into  the  median 
plane,  the  next  process  will  be  to  bring  it  into  the  line  of  sight. 

Again  we  must  notice  the  fact  that  by  practice  it  has  been  found  that 
the  instant  at  which  the  sound  is  perceived  with  greatest  intensity  by 
one  ear  and  with  smallest  intensity  by  the  other  ear  is  the  instant  at 
which  the  source  of  sound  is  situated  nearly  in  the  auditory  axis  or  little 
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behind  it.     Accordingly,    we  sometimes  try,  by    the  movement  of  the , 
head,  to  bring  a  source  of  sound  into  this  axis  when  we  find  it  more  con- 
venient, as  for  a  sound  of  small  intensity. 

These  movements  of  the  head,  which  we  perform  in  order  to  connect 
visual  and  acoustic  sensations,  affect  our  sense  of  equilibrium,  by  means 
of  which  we  become  conscious  how  much  we  have  turned  our  head.  By 
means  of  this  sense  of  equilibrium  we  are  enabled  to  estimate  the- position 
of  a  source  of  sound  in  reference  to  the  position  of  our  body. 

Again,  though  a  source  of  sound  is  usually  brought  into  the  line  of 
fixation  of  sight  by  the  motion  of  the  head,  we  can  effect  this  within  a 
certain  limit  not  by  moving  the  head  but  by  moving  the  eyeballs  alone. 
In  such  a  case  the  acoustic  sensation  is  connected  with  the  oculo-motor 
sensation,  by  means  of  which  we  can  feel  also  the  angular  direction  of  a 
source  of  sound,  for  we  have  a  fine  sense  for  this  movement  of  the  eyes. 
This  muscular  sensation  of  the  eyes  is  supplementary  to  the  sensation  of 
rotation  of  the  head,  by  means  of  which  we  can  chiefly  estimate  the  direc- 
tion of  a  sound. 

From  these  consideiations  it  is  clear  that  by  long  practice  the  asso- 
ciation has  been  established  between  a  particular  acoustic  sensation — cor- 
responding to  the  stimulation  by  the  sound  from  a  particular  direction — and 
the  rotatory  sensation — which  is  required  for  bringing  the  source  of  sound 
into  the  visual  fixation  line  or  into  the  auditory  axis — and  moreover  the 
association  has  been  established  between  the  acoustic  sensation  and  the 
oculo-motor  sensation.  After  the  associations  between  these  factors  have 
been  established,  either  one  of  these  factors  by  itself  is  able  to  call  forth 
other  factors.  It  is  not  necessary  that  the  rotatory  sensation  or  muscular 
sensation,  which  gives  us  the  measure  of  the  angular  departure  of  a  source 
of  sound  from  the  fixation  line  of  the  eyes,  should  arise  always  by  an 
actual  movement.  Though  this  is  the  original  case,  the  sensation  of  in- 
nervation or  reproduced  motor  sensation  called  forth  by  association  with 
the  acoustic  sensation  may  take  the  place  of  the  actual  motor  sensation. 

Our  final  conclusion  is  thus  that  an  acoustic  sensation  receives  its 
spatial  form  primarily  from  the  space  idea  which  is  given  to  us  by  the 
visual,  tactual  and  motor  sensations.  Acoustic  space  presupposes  the 
existence  of  the  space  form  of  other  sensations.  We  have  only  to  give 
an  account  of  how  the  perception  of  the  position  of  sounds  arises  on 
the  basis  of  the  already  existing  space  which  was  given  to  us  by  other 
sensations.  As  to  the  further  problem  of  the  ultimate  origin  of  the 
space  form  of  perception,  its  solution  must  be  sought  in  the  visual  and 
tactual  perception. 
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The  fundamental  fact  of  binaural  space  is  that  when  two  component 
sounds  heard  by  the  two  ears  are  perceived  as  a  single  sound  the  result- 
ant sound  is  "localized  in  space."  This  "localization  in  space"  is  a 
direct  experience  of  every  person  with  binaural  audition. 

Aside  from  such  problems  as  the  influence  of  visual  and  muscular  space 
on  this  localization,  the  fundamental  problem  is  that  of  the  localization 
of  the  resultant  sound  as  dependent  on  the  two  components.  The  sim- 
plest sounds,  tones,  vary  in  pitch,  intensity  and  duration.  The  only 
property  which  comes  essentially  into  question  in  the  case  of  the  two 
components  is  that  of  intensity.  The  following  paragraphs  will  present 
a  hypothesis  in  respect  to  the  law  of  localization  as  dependent  on  the  in- 
tensity of  the  components. 

The  fundamental  observation  is  as  follows  :  When  two  component 
tones,  e.  g.,  from  the  telephones  opposite  the  two  ears,  are  heard  as  one 
tone,  this  tone  is  located  in  a  certain  direction  in  respect  to  the  observer. 
When  the  intensities  of  the  two  components  are  equal,  the  resultant  ap- 
pears to  be  in  the  median  plane,  e.  g.,  directly  in  front.  As  one  of  the 
components  is  weakened,  the  resultant  appears  to  pass  toward  the  side  of 
the  stronger  one,  finally  reaching  a  line  nearly  opposite  the  ear — the 
auditory  axis — and  proceeding  outward  along  it.  The  localization  thus 
depends  on  the  difference  between  the  intensities  of  the  components. 
Various  observations  lead  me  to  believe  that  the  following  equations  ex- 
press this  dependence. 

Let  IR  and  JL  be  the  intensities  of  the  right  and  left  components,  and 
let  J—  IR  —  I,  be  the  difference  between  the  two  intensities. 

Let  the  plane  in  which  the  resultant  lies  contain  a  system  of  rectangular 
coordinates,  with  the  origin  in  the  median  plane,  the  axis  X  identical 
with  the  acoustic  axis,  and  the  axis  Y perpendicular  to  X ;  thus  Fmay 
lie  anywhere  in  the  median  plane.  Since  the  position  of  the  sound  with 
respect  to  these  axes  depends  on  the  d;fference  of  intensity,  we  have 
x  =f(dj  and,  since  there  is  a  definite  relation  between  y  and  x,  y  =/(x). 

In  the  experiments  it  is  observed  that  when  the  two  sounds  are  equal, 
i.  e.,  d  =  o,  the  resultant  is  located  in   the   median   plane,  i.  e.,  on  the 
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axis  V at  a  certain  distance  m  from  the  center.     Thus  for  d— 

x  =  o,  y  —  m.      As  the  sound   on  the  right   is  made    louder 

IR  >  IL  and  d  positive  ;  when  the  sound  on 

the  left  is  made  louder  d  becomes  negative. 

As  one  component  becomes  louder  than  the 

other,  the  resultant  moves  toward  the  side  of 

the  louder  component ;  indicating  the  right 

side  by  -j-  and  the  left  by  —  we  have  +  x  = 

/(+</)  and  —  x  =/( — a).     The  resultant 

lies  always  on  the  positive  side  of  the  Faxis, 

which  we  can  express  by  considering  y  as  a 

function  of  the  square  of  x,  or  y  =  J*~(x2). 

The  path  described  by  the  resultant  sound 
appears  to  me  to  be  a  curve  of  the  form  given 
by  the  equation 


o  we 
we 


have 
have 


y 


me 


where ;//  is  the  value  for  x  =  o  and  a  is  a  con- 
stant of  proportionality. 

On  the  basis  of  these  observations  and 
considerations  I  venture  to  make  the  follow- 
ing two  hypotheses:  i.  that  the  distance 
right  or  left  of  the  median  plane  is  propor- 
tional to  the  difference  between  the  intensi- 
ties of  the  two  components,  i.  e.,  x  =  cd, 
when  c  is  the  factor  of  proportionality  ;  2. 
that  the  relation  between  the  distance  from 
the  median  plane  and  the  distance  from  the 
auditory  axis  is  expressed  by 


y 


:  me 


n 
n 


where  m  is  the  distance  of  the  sound  when 
x  =  o(i.  e.,  d—o),  and  a  is  a  proportion- 
ality factor. 

The  values  m  and  a  depend  on  certain 
properties  of  the  sounds  used,  but  mainly  on 
the  absolute  intensity.  Sometimes  the  sound 
appears  to  remain  always  in  the  auditory  axis, 
in  which  case  m  =0.  A  series  of  curves  for  different  values  of  m  is  shown 
in  Fig.  22.  The  values  from  which  the  curves  were  plotted  are  given  in 
the  table. 
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There  still  remains  the  fact  that  the  plane  of  XY  (which  we  have  con- 
sidered) may  be  in  any  position  around  the  auditory  axis ;  thus  the  sound 
may  pass  in  front  of,  above,  behind  or  below  the  head,  or  in  any  inter- 
mediate position.      Four  such  positions  are  shown  in  Fig.    23.     To  fully 


Fig.  23. 


define  the  apparent  position  of  the  sound,  we  must  introduce  a  system  of 
coordinates  in  which  X  is  the  auditory  axial  line  through  the  head,  Z  is 
a  line  perpendicular  to  this  at  the  central  point  in  the  head  and  extending 
in  the  direction  which  the  subject  considers  to  be  directly  in  front,  and 
Y  is  perpendicular  to  both  X  and  Z.  We  thus  have  x  =  cd  as  before. 
Then  in  a  case  where  the  sound  lies  in  the  XZ  plane  to  the  front  we  have 
y  =  o  and 


=  nic 


When  the  sound  is  upward  in  the  XY  plane  we  have  x  =0  and 


y  me 


So  E.     IV.    Scripture 

The  complete  relation  is  expressed  bj 


X  =  <"</, 

y  =  me 

ll 
•  sin  a, 

z  =  nu- 

It lit 

■  COS  a, 

where  n  is  the  angle  of  elevation  above  the  plane  XZ. 

This  series  of  hypotheses  agrees  with  the  facts  reported  by  Mr.  Matsu- 
mi  »to  in  the  preceding  pages,  but  cannot  be  proven  until  the  experiments 
are  repeated  with  tones  of  carefully  measured  intensities.  I  cannot  say 
that  I  expect  them  to  be  confirmed  just  as  they  stand  ;  I  propose  them 
simply  as  an  attempt  to  give  definite  form  to  our  notions  of  one  of  the 
laws  of  binaural  localization. 


THE  SIZE-WEIGHT  ILLUSION  AMONG  THE  BLIND. 

BY 

James  F.  Rice,  M.A. 

It  is  a  well  known  fact  that  when  two  objects  of  equal  weight  but  dif- 
ferent size  are  lifted,  the  smaller  appears  heavier  than  the  larger.  The 
phenomenon  has  been  made  the  subject  of  experiment  in  various  ways.1 

It  was  suggested  to  me  that  some  experiments  on  the  blind  might  be 
of  interest.  The  experiments  were  performed  at  the  New  York  Institu- 
tion for  the  Blind.  They  were  carried  out  under  the  direction  of  the 
Yale  laboratory  with  the  suggestion-blocks  formerly  used  by  Dr.  Sea- 
shore. Many  suggestions  in  regard  to  the  details  of  the  experiments 
were  received  from  Dr.  Seashore  personally. 

Apparatus. 

The  apparatus  consisted  of  two  sets  of  cylindrical  blocks  3imm  in 
length.  Each  set  consisted  of  17  blocks.  Set  A  varied  in  size  and  had 
a  uniform  weight,  while  Set  B  varied  in  weight  and  had  a  uniform  size. 
The  blocks  in  Set  A  varied  in  diameter  according  to  a  geometric  series 
in  which  the  regular  increment  is  one-tenth.  Those  in  Set  B  were  ar- 
ranged in  arithmetic  series  according  to  weight  with  a  successive  differ- 
ence of  5g. 

In  the  following  account  the  blocks  will  be  dintisguished  by  the  names 
A  and  B  with  their  respective  numbers  in  the  series. 

'Fechner,  Ueber  die  ContraSfempflndung,  Ber.  d.  k.-sachs.  Ges.  d.  Wiss.,  math, 
phys.  CI.,  i860  XII  76. 

.Mi  ELLERand  Schumann,  Ueber  die psychologischen  Grundlagen  der  Vcrgleichung  ge- 
hobeiier  Gewichte,  Archiv.  f.  d.  ges.  Physiol.  (Pfluger),  1889  XLV  37. 

Charpentier,  Analyse  de  quelques  elements  de  la  sensation  de  poids,  Archives  de 
Physiol.,  1891  (5)  III  122. 

Dresslar,  Studies  in  the  psychology  of  touch,  Am.  Jour.  Psych.,  1894  VI  313. 

Flournoy,  De  P  influence  de  la  perception  visuelle  des  corps  sur  leur  poids  apparent, 
L'Annee  Psychol.,  1894  I   198. 

Gilbert,  Researches  on  the  mental  and  physical  development  of  school-children,  Stud. 
Yale  Psych.  Lab.,  1894  II  43-45,  59-63. 

Phi  lute  and  Claviere,  Sur  une  illusion  musculaire,  Revue  Philos.,  1894  XL  674. 

Van  BlERVLlET,  La  mesure  des  illusions  de  poids,  L'Annee  Psychol.,  1895  II  79. 

Griffing,  On  the  sensations  of  pressure  and  impact,  Psychol.  Rev.,  1895  II  Suppl.  I. 

SCRIPTURE,  Remarks  on  Dr.  Gilbert' 's  article,  Stud.  Yale  Psych.  Lab.,  1894  II  102. 
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The  Mocks  of  Set  ./  were  o\  a  i  onstant  weight,  So^',  and  of  diameters 
in  millimeters  as  follows,  beginning  with  the  smallest :  20.0,  22.0,  24.2, 
26.6,  29.3,  32.2,  35.4.  39-°j  42-9-  47-2,  5x-9-  57-1.  62-8>  69.1,  76.0, 
83.6,  91.9. 


Fig.  24. 

The  blocks  of  Set  B  were  of  a  constant  diameter,  42.9""",  and  of 
weights  in  grams  as   follows,  beginning  with   the  lightest :   40,  45,  50, 

55>  6°>  65>  7°,  IS,  8°>  85>  9°>  95>  IO°>  io5>  I10>  JI5>  "°- 

It  is  to  be  observed  that  the  uniform  weight  for  Set  A  is  the  same  as 

the  weight  of  B  (9),  the  middle  block  in  Set  B  ;  and  the  uniform  size  in 

Set  i?is  the  size  of  A  (9),  the  middle  block  in  Set  A.1 

The  observer  placed  himself  by  the  table,  on  which  the  blocks  were 
arranged  in  order,  in  such  a  position  that  by  moving  back  and  forth  he 
could  lift  any  block  from  its  place  in  Set  B  and  still  retain  approximately 
the  same  angle  of  the  arm  and  hand.  He  was  requested  to  select  for  each 
block  in  Set  A  a  corresponding  one  in  Set  B,  by  taking  one  at  a  time 
from  A  and  placing  it  by  the  side  of  successive  blocks  in  B  with  which 
he  wished  to  compare  it,  lifting  one  at  a  time  until  he  found  the  one  in 
/>'  which  he  thought  had  the  same  weight  as  the  one  from  A. 

One  series  of  tests  JJ  was  made  in  which  the  size  of  the  weights  was 
learned  by  grasping  the  curved  surface  of  the  block  ;  a  second  series  of 
tests  E  was  so  made  that  the  observer  could  only  judge  of  the  sjze  from 

•re,  as  before;  SCRIPTURE,  New  Psychology,  Fig.  65,  London  1897. 
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the  area  of  pressure  when  the  block  was  placed  gently  upon  the  palm  of 
his  hand.  All  the  A  blocks  were  used  in  each  series.  Each  series  of 
tests  was  made  ten  times,  and,  to  eliminate  as  far  as  possible  the  error  of 
prejudice,  the  equivalent  B  for  each  A  block  was  approached  five  times 
from  above,  five  times  from  below.  That  is,  in  five  of  each  series  an  A 
block  was  compared  first  with  a  B  that  was  very  perceptibly  heavier  and 
then  with  the  B  of  next  lower  weight  until  apparent  equality  was  reached. 
In  the  other  five  the  steps  were  from  the  perceptibly  lighter. 
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Fig.  25. 

To  eliminate  the  error  of  sequence,  the  observer  lifted  the  blocks  in 
the  orders  A,  B,  B,  A,  and  B,  A,  A,  B  alternately.  The  position  of  the 
blocks  was  reversed  after  each  trial,  so  that  the  observer's  judgment  was 
not  affected  by  the  varying  sensations  caused  by  the  slight  movement  of 
the  forearm  to  the  right  or  left.  By  this  exchange  of  position  there  was 
also  to  a  slight  extent  avoided  the  fixing  of  the  observer's  attention  upon 
the  A  with  which  the  several  B's  were  being  compared  ;  his  judgment 
was,  without  explicit  reference  to  either  block  as  a  standard,  merely  a 
judgment  of  equality.  In  case  of  a  perceived  difference  he  indicated 
which  was  the  heavier. 


Subjects. 

It  is  desirable  for  experiments  on  the  psychology  of  the  blind  that  the 
subject  should  have  been  totally  blind  from  birth.      It  has  been  held,  in- 
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deed,  that  with  the  congenitally  blind  we  should  class  as  competent  ob- 
servers  those  who  became  blind  during  their  first  year,1  and  many  who 
have  studied  the  blind  have  included  in  their  observations  those  who 
had  lost  their  sight  as  late  as  the  seventh  year.2  Obviously  the  mental 
life  ot"  those  whose  experience  includes  light  sensations  cannot  be  iden- 
tical with  that  of  those  totally  blind  from  birth.  The  assumption  that  the 
conditions  are  similar  cannot  be  established  until  the  psychology  of  the 
congenitally  blind,  who  have  never  seen  light,  has  been  first  studied. 
The  subjects  in  the  experiments  here  described  have  been  blind  from 
birth  and  have  never  seen  light. 

M  is  a  college  graduate  and  university  professor ;  he  is  a  mathema- 
tician of  international  reputation.  O,  his  brother,  is  in  business  in  New 
York.  They  are  both  graduates  of  the  New  York  Institution  for  the 
Blind. 


Fig.  26. 


J/"  was  from  the  start  quite  aware  of  the  illusion,  and  though  he  was 
kept  in  ignorance  of  the  purpose  of  the  tests,  he  repeatedly  spoke  of  the 
impossibility  of  correct  estimates  of  weight  when  the  objects  compared 
were  of  different  sizes.  It  was  his  opinion  that  of  the  two  tests  the  second, 
i.  e.,  with  the  weights  on  the  palm  of  the  hand,  was  the  least  accurate. 
His  custom   had  always  been  to  compare  weights  by   grasping  in  quick 

•HELLER,  Studien  :iu-  Blinden-Psychologie,  Phil.  Stud.,  1895  XI  252. 
2HOCHEISEN,  Ucber  den  Muskchin  bei  Blinden,  Zt.  f.  Psych,  u.  Phys.  d.  Sinn.,  1893. 
V  239. 
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succession  the  objects  to  be  judged,  and  dropping  them,  if  small,  from 
one  hand  to  the  other,  or  by  weighing  them  upon  the  tips  of  the  fingers, 
as  in  the  case  of  coins.  In  the  methods  of  these  experiments  he  had  no 
previous  experience. 

O  was  also  fully  aware  of  the  illusion.     He,  like  M,  considered  the 
third  series  of  judgments  the  least  satisfactory,  and  expressed  the  same 


*        .         » 


Fig.  27. 

preference  for   grasping  rather  than   mere   lifting  upon   the  palm.      O 
thought  that  size  was  less  diverting  in  the  first  series  than  in  the  second. 


Experiments. 

(1)  The  first  series  of  tests  was  that  in  which  the  knowledge  of  size 
was  gained  through  the  muscle  sense,  corresponding  to  Seashore's 
"  fourth  series,  H,  muscle  sense."  An  A  and  a  B  block,  resting  on  end 
upon  a  soft  pad,  were  lifted  in  succession,  being  grasped  around  the 
circumference  by  the  thumb  and  middle  finger  of  the  right  hand.  If  the 
weights  were  judged  unequal,  the  B  was  replaced  by  another  of  the  same 
set.  Because  the  observer  did  not  have  to  make  any  choice  of  B's,  but 
to  consider  only  two  blocks  at  a  time  (selected  by  the  one  conducting 
the  experiment),  he  could  fix  his  attention  upon  the  question  of  equality 
of  weight  undistracted  by  the  knowledge  of  the  number  of  blocks  that 
might  possibly  be  compared. 

(2)  In  another  set  of  experiments  the  block  was  laid  on  the  palm  of 
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hand  :  this  gave  an  idea  of  the  size,  the  height  being  known  to  be  con- 
stant.    This  corresponds  to  Seashore's  "  fourth  series,  I,  touch." 
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The  results  are  given  in  the  table.  Each  result  in  the  columns  Dx  and 
Dn  is  the  average  of  5  original  measurements  ;  the  probable  error  for 
these  results  never  exceeds  4%  and  is  generally  less  than  2%.  The  re- 
sults in  the  table  are  indicated  graphically  in  Figures  24,  25,  26,  27. 
Figure  28  shows  the  average  results  for  both  observers  together  with  the 
curve  H  of  Dr.  Seashore's  experiments. 
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M,  0,  subjects. 

C,  number  of  millimeters  by  which  the 
diameter  in  Set  .-/  differed  from  that  in  Set 
B  (having  a  weight  of  Sog). 

•Di,  Da,  D,  number  of  grams  by  which 
the  estimated  weight  of  the  block  in  Set  A 
differed  from  its  true  weight,  the  block  be- 
ing grasped. 


E 1,  En,  £,  same  as  D /,  D u,  E>,  the 
block  resting  on  the  skin. 

Dj,  Er,  experiment  begun  with  the 
lighter  blocks. 

Dn,  En,  experiment  begun  with  the 
heavier  blocks. 

D,  E,  averages  of  D 1  and  D //,  and  of 
Ei  and  En  respectively. 


For  the  sake  of  comparison  the  curves  obtained  by  Seashore  for  the 
same  senses  in  the  seeing  are  reproduced  in  Fig.  29  from  Fig.  5  of 
Seashore's  monograph. 


Conclusions. 

The  results  seem  to  justify  the  following  conclusions  : 

1.  The  size-weight  illusion  obtains  among  the  blind. 

2.  It  follows  the  same  general  law  as  among  the  seeing,  but  is  not  so 
great  either  for  the  muscle  sense  or  for  touch  as  for  the  same  senses 
among  the  seeing. 

3.  The  illusion  tends  towards  the  side  on  which  the  weight  is  ap- 
proached. 


CEREBRAL   LIGHT.1 

BY 

E.  W.  Scripture. 

In  darkness  or  with  closed  eyes  we  can  always  see  irregular  forms  of 
light  in  our  visual  field.  These  forms  are  of  various  kinds,  series  of 
waves,  successive  rings  that  spread  and  break,  etc.  In  addition  to  these 
definite  fiarures  there  is  always  more  or  less  definite  irregular  illumination 
over  the  whole  field.  These  phenomena  are  generally  called  "  the  retinal 
light  "  or  the  "  Eigenlicht  of  the  retina."  They  are  usually  supposed  to 
arise  from  chemical  changes  going  on  in  the  retina.  I  wish  to  record 
some  observations  that  apparently  prove  them  to  be  cerebral  and  not  re- 
tinal processes. 

i.  With  closed  eyes  there  is  only  one  illuminated  field,  not  two,  as 
there  should  be  from  the  two  retinas  if  the  light  were  retinal.  Two  re- 
tinal figures  might  appear  as  one  under  the  conditions  :  (<?)  of  suppres- 
sion of  one  field,  which  is  not  the  case  here,  because  it  is  impossible  to 
keep  one  field  suppressed  for  many  minutes,  whereas  I  have  watched  the 
retinal  figures  in  uninterrupted  continuance  for  a  long  time ;  (/>)  of  per- 
fect identity  of  form,  which  is  hardly  a  possible  supposition  in  the  case 
of  these  irregular,  volatile,  chemical  phenomena;  (V)  of  sufficiently  sim- 
ilar construction  for  union  by  stereoscopic  vision,  which  also  is  not  the 
case,  as  there  is  no  relief-effect  in  the  picture. 

2.  The  figures  do  not  change  in  position  when  the  eye  is  moved. 
They  are  localized  in  front  and  remain  in  the  same  place,  even  if  the 
eyes  are  directed  to  one  side.  I  find,  however,  that  if  the  eyes  are 
turned  to  a  new  position  and  kept  there,  the  central  figure  (a  spreading 
violet  circle  with  a  phosphorescent  rim)  will  soon  afterwards  follow  the 
movement ;  there  is  thus  a  tendency  for  this  figure  to  occupy  the  spot  of 
sharpest  vision. 

3.  The  figures  do  not  change  in  location  when  the  eyes  are  displaced. 
When  the  eyes  are  looking  at  some  definite  object,  e.  g.,  this  page,  a 
pressure  of  the  finger  on  one  of  them  will  cause  the  page  apparently  to 
move.  This  is  true  whether  the  other  eye  is  open  or  closed.  Likewise, 
if  an  after-image  is  obtained,  it  will  move  upon  pressure  of  the  eyeball. 
The  pressure  displaces  the  eyeball  and  changes  the  projection  of  the  re- 

1  This  account  was  first  published  in  Science,  1897  N.  S.  VI  138. 

88 


Ce7-ebral  light.  89 

tinal  picture.  This  displacement  does  not  occur  with  "retinal  light." 
I  have  repeatedly  observed  these  figures  and  have  manipulated  the  eye- 
balls 1  I  have  found  that  they  are  not  in  the  slightest  degree  affected  by 
the  manipulations.  In  order  to  avoid  all  possibility  of  errors  of  obser- 
vation, I  have  made  the  experiments  in  a  series  alternately  with  eyes 
open  and  eyes  closed.  With  the  eyes  open  I  observed  a  dimly  illumi- 
nated window;  with  them  closed  I  saw  the  "retinal"  figures.  The 
former  always  followed  the  displacements,  the  latter  never. 

These  observations  are,  I  believe,  sufficient  to  establish  the  proposition 
(which  I  have  not  seen  elsewhere)  that  the  phenomena  of  vision  usually 
known  as  "  retinal  light  "  and  "  retinal  figures  "  are  not  originated  in 
the  retina,  but  in  the  brain.  They  should,  therefore,  be  termed  "cere- 
bral light"  and  "cerebral  figures." 

The  following  hypothesis  seems  also  justified.  The  cerebral  light  is 
located  in  those  higher  centers  of  the  brain  which  are  connected  with 
visual  memories  and  imaginations.  While  watching  the  cerebra.l  figures 
I  find  that  my  visual  memories  or  phantastic  figures  appear  in  the  midst 
of  the  cerebral  light  and  frequently  cannot  be  distinguished  from  them. 
The  close  connection  of  these  cerebral  figures  with  the  contents  of 
dreams  has  been  repeatedly  noticed  by  Johannes  Mueller  and  a  series  of 
later  observers.  There  is  also  the  possibility  that  the  hallucinatory 
visions  produced  by  hashish,  mescal  and  other  drugs  may  be  simply  mod- 
ifications of  this  cerebral  light. 
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In  the  arm -space  board1  a  wooden  scale  carries  along  its  upper  edge,, 
a  small  glass  roil.  At  the  zero  point  in  the  middle  there  is  a  fixed  metal 
plate.  On  each  side  there  is  a  movable  slide  carrying  an  adjustable 
pointer.  Before  the  experiments  the  pointers  are  pushed  forward  as 
far  as  possible. 

The  apparatus  is  placed  on  a  table  with  the  scale  away  from  the  subject. 
The  subject,  seated  with  eyes  closed  or  covered,  places  his  forefingers 
against  the  zero-plate,  one  on  each  side. 

The  experimenter  moves  up  the  two  slides  to  the  fingers  till  they  press 
gently.  The  pointers  strike  the  zero-plate  and  are  pushed  back  auto- 
matically. This  eliminates  the  errors  due  to  the  widths  of  the  finger,  as 
all  readings  are  to  be  taken  from  the  end  of  the  pointer. 

The  subject  places  himself  directly  in  front  of  the  zero-mark  and  closes 
his  eyes.  The  experimenter  places  the  left-hand  (referring  to  the  sub- 
ject) slide  at  a  certain  distance,  d.  The  right-hand  slide  is  moved  out  of 
the  way.  The  subject  moves  his  left  fore-finger  evenly  outward  till  it 
strikes  the  slide,  and  then  returns  it  to  zero.  The  experimenter  quietly 
moves  the  slide  out  of  the  way,  and  after  an  interval  of  /  seconds  the 
subject  moves  his  finger  again  till  it  seems  to  be  in  the  same  place  as  be- 
fore. The  experimenter  now  moves  the  slide  up  till  it  touches  the  finger 
and  reads  the  record  at  the  end  of  the  pointer.  The  tenths  of  a  centi- 
meter are  estimated  by  the  eye.  The  result  in  millimeters  is  placed  in 
the  record  blank. 

In  a  set  of  experiments  carried  out  by  Mr.  Cooke  in  1896-97  on 
four  college  students  as  subjects,  the  distances  ioon,m,  300"""  and  soo""" 
were  investigated  for  the  intervals  2",  io'  and  20s.  The  constant  and 
probable  errors  were  calculated  in  the  following  way.  If  av  a2,  ••• ,  an 
are  the  observations  for  given  values  of  /  and  d,  we  have  for  the  average 

a ) 

n 

from  which  we  obtain  the  constant  error  C—  a  —  d. 

LIPTURE,   Elementary  course  in  psychological   measurements,  Stud.   Yale  Psych. 
Lab.,  1896  IV  97;   SCRIPTURE,  New  Psychology,  187,  London  1897. 
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For  the  variations,  or  errors,  we  have  v  =  al  —  a,  v2  =  a2  =  a,  — , 
vn  =  an  —  a  ;  from  which  we  obtain  the  probable  error  for  a  single  meas- 
urement by  the  shorter  method 


P=o.& 


v. 


+  '  v,\  +  ■■•  +  \vn 


n  —  1 


where  |  v  |  means  that  the  sign  of  v  is  disregarded.  The  results  for  four 
subjects,  A,  B,  C  and  D,  are  given  in  Table  I ;  five  experiments  were 
made  on  each  point. 

Table  I. 
A  B  C  D 
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4-  11 

—  10 

—  15 
+  i° 

—  13 

—  1 ; 


—  3 
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8.9 
8.9 
8.9 

8.9 
11. 9 
13.0 
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7-5 
7-5 
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+    2 

—  10 

—  16 

—  5 

—  30 

—  27 

—  7 

—  1 
+  6 


30 
6.5 
2.4 

11. 2 

13-6 
17.6 

12.9 

9-4 
11. o 


C 

—  2 

—  4 

—  4 

+  9 

—  8 

—  12 

—  5 

—  15 

—  24 


P 

8.9 
7-i 
6.4 

8.9 
16.9 
24.0 

7.8 
14.8 
21.7 


The  table  seems  to  justify  the  conclusion  that  the  law  according  to 
which  the  constant  error  varies  in  relation  to  the  elapsed  interval,  is  a 
purely  individual  matter,  as  was  first  pointed  out  by  Scripture  (New 
Psychology,  189). 
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Fig.  30.  Fig.  31. 

The  probable  error  also  seems  to  follow  no  general  law,  although  there 
are  more  cases  in  which  it  increases  with  the  increase  in  interval  than  in 
which  it  decreases  or  remains  constant  or  fluctuates. 
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For  comparison  with  these  experiments  on  untrained  observers  another 
set  was  undertaken  by  Mr.  Warren  in  March.  1898.  in  which  the  sub- 
feet  was  the  laboratory  janitor,  A.  Fisher, 
a  trained  observer1  with  no  interest  in  the 
results.  The  constant  error  was  calculated 
as  before,  but  the  probable  error  was  de- 
rived bv  the  more  accurate  formula 


•J2 


+  «V  +  -  +  «"» 


32. 


thus 


200" 


—  1 


b> 


60,  45>  3°> 


n  —  1 

The  results  for  the  intervals  1 5s,  30s,  45s 
and  60'  and  for  the  two  distances  2oo"1'11 
and  3oomm  are  given  in  Table  II.  The 
first  division  for  200"""  and  that  for  3oomm 
give  the  results  when  the  experiments  were 
made  in  the  following  order  :  15s  —  200, 
300,  300,  200  ;  30s  —  200,  300,  300, 
200,  etc.  The  other  experiments  on 
2oomm  were  made  on  successive  occasions, 
the  distance  being  constant  but  the  in- 
tervals of  time  being  varied  irregularly, 
etc.     The  values  of  the  table  are  expressed 


in  Figures  30,  31  and  32. 


200" 


Time. 

C 

P 

n 

15 

—23 

17-3 

17 

30 

+  2 

30.2 

17 

45 

O 

29-5 

12 

60 

+  I 

37-2 

12 

Table 

II. 

200mm 

1 

C 

P 

n 

—  9 

16.3 

15 

— 21 

18.5 

15 

— 20 

i5-i 

15 

—  9 

23.6 

15 

300"im 


c 

P 

n 

—30 

21.8 

17 

—37 

15.9 

17 

—24 

31-5 

12 

—47 

J5-7 

12 

These  experiments  seem  to  justify  the  conclusion  that  even  for  the  same 
person  the  law  of  the  constant  error  changes  with  the  distance  and  with 
the  method  of  the  experiment.  The  probable  error,  however,  is  quite 
evidently  an  increasing  function  of  the  time-interval ;  the  experiments 
are,  however,  not  extensive  enough  to  justify  an  attempt  at  determining 
its  law. 


1  Stud.  Yale  Psych.  Lab.,  1896  IV  24. 
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One  of  the  most  difficult  portions  of  the  work  of  the  experimental 
psychologist  is  the  development  of  the  technical  methods  required  by  the 
science.  One  set  of  these  methods  comprises  those  involved  in  manag- 
ing a  laboratory.  The  following  results  of  an  experience  of  four  years 
as  a  student  in  the  laboratories  of  Leipzig  and  Worcester  and  of  six  years 
as  director  of  the  Yale  laboratory  may  be  of  value  to  others.  The  material 
comprises  the  substance  of  what  I  am  accustomed  to  say  on  this  subject 
in  a  few  lectures  of  the  regular  technical  course  for  specialists  in  psychology. 

General  plan. 

Two  distinct  kinds  of  work  fall  upon  the  laboratory  ;  they  may  with 
fairness  be  characterized  as  :  i,  college  work  ;  2,  university  work. 

College  work. 

In  a  college  the  aim  is  to  provide  an  outline-knowledge  of  the  subject 
sufficient  for  general  culture.  Research  or  advanced  courses  are  quite 
out  of  the  question. 

In  a  small  college  the  resources  must  necessarily  be  limited.  With  an 
appropriation  of  a  few  hundred  dollars  the  instructor  can  get  along  with 
one  or  two  rooms,  an  equipment  of  tables  and  chairs,  apparatus  for  time- 
records,  sight,  hearing,  etc.  What  can  be  done  on  the  subject  of  the 
senses  at  small  expense  is  shown  in  Saxford's  Course  in  Experimental 
Psychology,  Part  I,  Boston  1898.  However,  it  must  be  borne  in  mind 
that  the  book  covers  only  a  portion  of  the  science  and  it  is  very  im- 
portant that  the  instructer  should  not  give  the  impression  that  this  is 
all  of  psychology.  In  a  laboratory  with  moderate  means  the  mechanical 
skill  and  ingenuity  of  the  instructor  come  especially  into  play.  With  a 
fair  supply  of  tools  the  trained  man  can  give  a  more  interesting  and 
valuable  course  at  a  small  expense  than  an  unskilled  man  with  far 
greater  facilities.  The  frequent  inquiries  concerning  the  amount  requisite 
for  starting  a  college  laboratory  may  be  met  with  the  statement  that  it 
all  depends  on  the  man  employed.  Success  with  only  $300  or  §500  a 
year  is  possible   for  a  skillful  man  who  has  had  a  thorough  training,  and 
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who  has  had  experience  as  an  assistant  in  a  larger  laboratory.  With 
o  at  the  start,  about  S200  should  be  put  aside  for  running  expenses 
and  for  unforeseen  contingencies.  For  $50  a  good  lathe  and  a  number 
of  small  tools  can  be  obtained.  If  the  electric  current  is  available  in 
the  building,  a  hand-feed  are  lamp  can  be  imported  for  about  $5,  a  re- 
sistance coil  tor  sj.50,  a  pair  of  condensing  lenses  for  $1 .50,  a  simple 
objective  for  51  ;  the  rest  of  the  lantern  can  be  made  as  indicated  in 
these  Studies,  1896  IV  84.  If  electricity  is  not  available,  a  different 
luminant  may  be  used.  An  English  oil-lantern  need  not  be  expensive  ; 
an  acetylene  lantern  is  not  excessively  costly  and  is  very  successful  ;  an 
oxy-hydrogen  lantern  for  compressed  gases,  though  more  costly,  is  very 
satisfactory,  especially  if  fitted  with  the  Linnemann  burner  for  zircon- 
plates.  The  slides  can  be  made  by  the  instructor  or  by  an  interested 
student  ;  a  very  large  number  of  experiments  can  be  performed  with  the 
lantern  instead  of  with  "demonstration"  apparatus,  For  a  few  dollars 
each  the  following  articles  may  be  obtained  :  color  wheel,  Kolbe's  color 
1  vlinders,  color  discs,  Bradley's  pseudoptics,  stereoscopes,  stereoscopic 
diagrams,  etc.  More  costly  but  necessary  pieces  are  :  recording  drum, 
tuning  fork,  telegraph  keys,  batteries,  etc. 

For  the  larger  colleges  a  more  elaborate  equipment  is  necessary.  Com- 
parisons are  constantly  drawn  between  the  various  departments,  and 
merely  as  a  matter  of  self-preservation  the  psychological  laboratory  must 
offer  courses  equal  in  attractiveness  and  value  to  those  of  physics,  chem- 
istry and  biology.  A  lecture-room  with  at  least  a  single  lantern  and  a  satis- 
factory equipment  of  demonstration  apparatus  should  be  provided.  The 
elementary  laboratory  course  should  be  followed  by  a  carefully  planned 
course  in  psychological  measurements.  Part  of  the  course  in  measurements 
given  at  Yale  is  printed  in  these  Studies,  1896  IV  89-139.  The 
appropriation  and  yearly  income  of  the  laboratory  must  be  quite  consider- 
able, if  the  lectures  are  to  be  on  an  impressive  scale  and  the  two  laboratory 
courses  are  to  be  really  valuable. 

University  work. 

The  university  student  chooses  to  study  psychology  either  because  he 
will  need  it  in  connection  with  philosophy,  pedagogy  or  medicine,  or 
because  he  expects  to  be  a  psychologist  himself.  The  laboratory  should 
furnish  instruction  for  both  classes  of  students. 

In  the  first  place  a  general  lecture-course  should  be  provided  with  full 
demonstrations  of  all  the  most  important  methods  and  results  in  all  the 
fields  of  psychology.  The  apparatus  required  must  necessarily  be  of  a 
distinctly  high  grade.      The    university  student  demands  the  best  in- 
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struction.  Moreover,  if  the  other  departments,  such  as  physics  can 
show  better,  brighter  and  more  numerous  pieces  of  apparatus  the  students 
are  apt  to  draw  disparaging  conclusions.  The  students  are  no  longer  a 
"class"  to  be  taught;  they  are  an  "audience"  that  must  be  led.  When 
a  speaker,  whether  on  account  of  himself  or  on  account  of  meager 
equipment,  loses  the  interest  or  the  respect  of  his  audience,  the  instruc- 
tion ceases  to  be  effective. 

Laboratory  courses,  like  those  already  mentioned,  should  also  be  given. 
For  the  special  students  in  psychology  a  course  of  lectures  on  the  theory  of 
statistics  and  measurements  should  also  be  given  in  connection  with  prac- 
tical exercises  in  the  laboratory.  These  exercises  should  be  most  carefully 
planned  to  show  the  development  of  the  final  methods  of  measurement 
from  the  fundamental  operations.  For  example,  the  subject  of  time  might 
begin  with  timing  and  regulating  a  clock  ;  thereupon  would  follow  the  tim- 
ing of  a  tuning  fork,  the  determination  of  the  errors  of  markers,  keys,  etc. 
"When  this  has  been  learned  simple  reactions  can  be  measured  under  the 
various  conditions  of  stimulation,  attention,  etc.  Finally,  the  more  com- 
plex processes  are  to  be  recorded.  Similar  methods  could  be  followed 
for  sight,  hearing,  volition,  emotion,  etc. 

The  object  of  the  laboratory  instruction  is  often  misunderstood.  It  is 
not  to  teach  facts  of  psychology  ;  these  should  be  treated  in  a  lecture- 
course.  The  objects  are  :  ( 1 )  the  cultivation  of  the  powers  of  introspec- 
tive and  external  observation;  (2)  the  development  of  dexterity  in 
carrying  out  psychological  experiments  and  measurements;  (3)  training 
in  the  computation  and  adjustment  of  measurements.  Students  who  make 
a  specialty  of  psychology  should  also  be  trained  in  the  construction  and 
care  of  apparatus,  in  machine-design,  use  of  tools,  lathe  work,  vise  work, 
etc. 

Another  department  of  university  work  lies  in  research.  The  art  of 
research  is  probably  the  most  difficult  thing  to  teach.  Some  persons  have 
the  notion  that  anybody  can  successfully  undertake  researches  with  no 
preliminary  training.  Research  is  an  art,  as  much  an  art  as  painting  or 
singing.  Any  one  can  daub  paints,  sing  tunes  and  investigate  the  mind, 
but  the  results  differ  from  a  painting  by  Correggio,  a  song  by  Patti,  or 
an  investigation  by  Helmholtz.  The  director  of  a  laboratory  for  research 
must  be  a  man  with  an  inborn  tact  at  overcoming  obstacles  of  apparatus 
and  in  extricating  himself  from  intricacies  of  method.  He  must  be  a 
man  of  vivid  imagination  ;  just  as  a  painter  must  compose  and  constantly 
modify  the  ideal  picture  in  his  mind's  eye,  so  the  scientist  must  outline, 
invent  and  modify  mentally  the  whole  apparatus  and  method  employed 
before  he  begins  the  actual  work.     Just  as  a  painter  must  acquaint  him- 
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self  with  the  minutest  details  o\  preparing  and  mixing  paints,  of  per- 
spective, shading,  varnishing,  etc.,  so  must  the  psychological  investi- 
tor  have  in  mind  just  as  many  kinds  and  combinations  of  apparatus, 
manipulations  and  methods  as  he  can  possibly  learn.  This  is  the  ideal 
which  the  special  student  should  always  have  in  mind.  The  young 
inv(  tor  should   go   through  a  preliminary  apprenticeship  in  assisting 

more  advanced  workers,  and  should  prove  himself  a  well   qualified  man 
before  attempting  to  conduct  work. 

Building. 

[f  possible  the  laboratory  should  be  situated  in  a  building  back  from 
the  street,  preferably  in  the  suburbs.  If  it  is  in  a  building  with  other 
departments  it  should  have  the  top  floor,  and  the  smaller  rooms  for  ob- 
servation should  be  at  the  back.  Just  as  freedom  from  shaking  is  the 
indispensable  condition  for  many  physical  experiments,  so  freedom  from 
noise  is  the  fundamental  requisite  for  the  successful  prosecution  of  many 
psychological  investigations.  Of  course,  where  only  demonstrational 
work  is  required  such  conditions  are  unattainable  and  unnecessary. 

In  regard  to  the  general  plan  of  a  scientific  building  reference  may  be 
made  to  Durm's  Handbuch  der  Architektur,  IV.  Theil,  6.  Halb-Band, 
2.  Heft:    Gcbiiude  fi'ir  Erziehung,   Wissenschaft  und  Kunst. 

Lecture-room. 

<)ne  of  the  first  cares  of  the  instructor  will  probably  be. the  lecture- 
room.  Although  one  like  that  to  be  described  will  seldom  be  attainable, 
the  main  requirements  are  the  same  for  most  cases  and  they  can  be 
met  in  ways  as  nearly  like  the  ideal  ones  as  possible.  All  seats  in  the 
room  should  command  a  good  view  of  the  experiment  table.  In  a 
small  institution  a  large  table  in  an  ordinary  lecture-room  would  be 
sufficient.  With  large  classes,  however,  the  seats  must  rise  toward  the 
back  ;  the  rise  should  be  about  1 2™  at  the  second  row  with  a  regularly 
in<  reasing  rise  for  each  succeeding  row.  If  the  seats  are  arranged  in 
curves,  a  rather  flat  hyperbola  ought  to  be  chosen.  Before  the  windows 
black  shades  or  shutters  for  darkening  should  be  placed.  The  many 
elaborate  arrangements  in  use  are  generally  very  costly  ;  recourse  is  gen- 
erally had  to  common  spring  rollers.  For  further  suggestions  see  Wein- 
hold's  Physikalische  Demonstrationen  and  Frick-Lehmann's  Physika- 
lische  Technik. 

The  ceiling  and  walls  of  the  room  should  be  as  white  as  possible. 
The  researches  in  school -hygiene  have  shown  that  dark  colors,  panelings, 
rows  of  blackboards  and  any  other  arrangement  that  lessens  the  diffusion 
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of  light  must  be  most  scrupulously  avoided.1  The  daylight  should 
come  from  the  left  and  back.  Artificial  illumination  should  be  indirect 
or  semi -indirect ;  that  is,  the  light  from  the  luminous  body  should  not 
fall  directly  on  the  books  of  the  students,  but  should  be  diffused  by  being 
first  sent  against  the  ceiling  or  by  passing  through  translucent  globes.2 

The  method  of  completely  indirect  illumination  can  be  perhaps  best 
used  in  the  case  of  an  arc  light.  The  reflector  beneath  the  lamp  hides 
it  completely  from  view  and  sends  the  light  to  the  ceiling,  whence  it  is 
dispersed  around  the  room.  The  ceiling  should  be  newly  whitened  each 
year  ;  a  special  reflector,  however,  may  be  used  above  the  lamp  instead 
of  the  ceiling.  In  the  combined  method  of  illumination  part  of  the 
light  passes  directly  through  a  lower  globe  of  translucent  glass  while 
part  is  reflected  upward.  For  lecture-rooms  the  completely  indirect 
illumination  seems  preferable. 

Other  sources  of  light,  such  as  the  Auer  gas  incandescent  lamp,  the 
electric  incandescent  lamp,  etc.,  may  be  treated  in  like  manner.  Fur- 
ther details  and  literature  may  be  found  in  the  article  by  Bayr.  A  good 
account  of  arc-lighting  is  given  in  a  pamphlet,  Ueber  Bogenlampen  filr 
zerstreutes  Licht,  published  by  the  manufacturers,  Korting  &  Mathiesen 
in  Leutzsch,  near  Leipzig. 

A  fundamental  piece  of  apparatus  for  the  lecture-room  is  the  lantern. 
A  general  sketch  of  the  principles  involved  has  been  given  in  these 
Studies,  1896  IV  82-88  ;  further  details  may  be  found  in  Wright's  Op- 
tical Projection. 

Another  fundamental  factor  of  the  lecture-room  is  the  experimenter's 
table.  This  should  be  a  table,  or  rather  a  counter,  about  5X0.9X0.9 
meters  in  size.  Better  than  one  table  are  two  tables,  each  two  meters  long, 
placed  endwise  with  an  intervening  space  of  about  a  meter  which  can  be 
covered  by  a  hinged  leaf ;  this  allows  very  tall  apparatus  to  be  set  up  on 
the  floor  between  other  apparatus.  The  space  under  the  table  is  utilized 
for  drawers  and  open  closets  where  tools  and  apparatus  of  constant  use 
are  kept. 

The  fundamental  rule  in  regard  to  the  use  of  the  table  is :  never  allow 
any  projection  to  be  fastened  to  the  top.  Nails  must  not  be  driven  in  ; 
they  are  sure  to  be  forgotten  and  to  get  in  the  way  at  some  critical  mo- 
ment, perhaps  to  overturn  or  scratch  some  valuable  piece  of  apparatus. 
All  nails  and  screws  should  be  driven  into  blocks  of  wood  which  are 
fastened  to  the  edge  of  the  table  by  clamps.     This  rules  applies  to  all 

1  Burnham,  Outlines  of  school  hygiene,  Pedagog.  Seminary,  1892  II  9. 

2 Bayr,  Ueber  Beleiuhtungsversuche,  etc.,  Zt.  f.  Schulgesundheitspflege,  1898  XI  129. 
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tables  in  the  laboratory  except  when,  after  trial,  it  is  decided  to  set  up 
some  permanent  piece  of  apparatus. 

Workshop. 

As  the  progress  of  psychology  depends  to  agreat  degree  on  the  way  in 
which  this  department  is  managed,  money  invested  in  a  proper  equipment 
of  tools  will  often  bring  better  returns  than  if  spent  in  ordering  instruments 
from  dealers.  In  fitting  up  this  room  we  should  take  into  consideration 
its  purpose  and  that  becomes'  clear  when  we  take  note  of  a  few  facts 
about  apparatus.  Apparatus  in  use  industrially,  such  as  electric  motors, 
telegraph  keys,  batteries,  etc.,  can  be  obtained  readily  and  cheaply  in 
America.  On  the  contrary,  apparatus  that  is  in  use  only  for  scientific 
purposes  can  be  obtaind  here  only  at  exhorbitant  prices  if  at  all,  and 
owing  to  the  lack  of  trained  workmen  it  is  generally  of  the  poorest  qual- 
ity. All  such  instruments  already  in  use,  e.  g.,  kymographs,  tuning-forks, 
time-markers,  etc.,  must  be  gotten  directly  from  the  European  makers. 
In  addition  to  these  two  classes  there  is  apparatus  for  special  purposes  which 
must  either  be  ordered  from  instrument  makers  or  made  in  the  laboratory 
workshop.  The  difficulty  and  delay  in  sending  designs  to  Germany  or 
France  and  the  great  disadvantage  of  not  being  able  to  supervise  the  vari- 
ous stages  of  construction  are  readily  apparent.  It  is  highly  desirable  in 
a  large  laboratory  to  set  up  a  workshop  and  to  provide  a  proper  artisan 
to  take  charge  of  it.  The  work  to  be  done  will  be  the  making  of  all 
special  research-apparatus,  also  the  repairing  and  testing  of  all  instruments 
received  from  elsewhere.  This  course  is  the  one  followed  by  nearly  all 
European  laboratories  of  physics  and  physiology  ;  the  high  wages  and 
lack  of  skill  of  the  American  mechanic  tend  to  throw  the  psychologist 
more  on  his  own  resources. 

The  size  and  equipment  of  such  a  workshop  depend  on  the  character 
of  the  instructor  and  the  importance  of  the  part  played  by  research. 

The  first  necessity  of  the  workshop  is  sufficient  light,  both  by  day  and 
by  night ;  that  is,  there  must  be  sufficient  windows  and  lamps  so  arranged 
that  there  are  no  deep  shadows  into  which  the  work  in  hand  can  happen 
to  get.  Nevertheless,  no  very  bright  or  blinding  lights  are  to  be  per- 
mitted. The  room  is  preferably  placed  on  the  north  side,  otherwise  the 
south  windows  must  be  well  provided  with  curtains.  The  lamps  are  not 
to  be  placed  in  the  middle  of  the  room,  but  to  be  scattered  over  the  walls 
and  around  the  tables. 

The  most  important  and  essential  article  in  the  workroom  is  the  work- 
bench, which  should  be  placed  on  the  lightest  side  of  the  room,  preferably 
in  the  corner.      It  is   to  be   a  very  strong  table  of  oak,  or  ash,  which  is 
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fastened  by  braces  built  into  the  wall,  so  that  in  filing,  sawing  and  chisel- 
ing in  the  vise  no  noticeable  shaking  of  the  bench  occurs.  The  size 
should  be  about  2m  x  0.7°;  the  height  should  be  0.75'"  tom  0.80.  The 
regular  mechanic's  height,  0.9"%  is  to  be  reduced  because  this  requires  con- 
tinual standing,  which  is  a  great  hardship  to  persons  of  sedentary  habits, 
such  as  will  necessarily  often  be  at  work  at  the  bench.  The  vise  is 
to  be  placed  at  the  right  front  corner  of  the  table  and,  if  possible,  oppo- 
site the  middle  of  the  window.  A  smaller  vise  may  be  placed  on  the 
left-hand  side  of  the  table.  Next  in  importance  to  the  work-bench  is  the 
lathe.  It  is  to  be  placed  before  the  window  on  the  north  side  of  the  room. 
There  should  also  be  a  grindstone,  with  pulley  in  case  power  is  at  hand. 
In  one  corner  there  may  be  a  forge  beside  which  is  a  heavy  anvil  on  an 
oaken  block.  By  the  eastern  wall  of  the  room  there  should  be  a  carpen- 
ter's bench  unless  a  separate  room  is  to  be  given  over  to  carpenter-work. 
Around  the  walls  are  the  tool  cases.  The  tools  should,  as  far  as  pos- 
sible, be  put  in  straps  or  leaned  up  against  grooved  boards  or  laid  in 
order  on  the  shelves  of  the  cases.  The  cases  and  the  walls  of  the  room 
are  to  be  painted  with  a  light  color  for  sake  of  illumination.  The  floor 
is  to  be  varnished  ;  this  protects  it  against  too  rapid  wear,  lightens  the 
cleaning,  and  avoids  the  odors  that  arise  from  the  absorption  of  gases  by 
unvarnished  floors.  A  stone  floor  is  inadmissible.  Further  details  in  re- 
gard to  the  workshop  may  be  found  in  Lehmaxn's  Physikalische  Technik. 

Electrical  connections. 

An  essential  for  first-class  work  in  psychology  is  the  protection  of  the 
person  experimented  upon  from  all  sources  of  disturbance.  This  generally 
mvolves  the  separation  of  the  experimenter  from  the  one  experimented 
on  and  often  involves  the  use  of  two  or  more  separate  rooms  between 
which  the  only  connection  is  by  means  of  electric  wires. 

The  experience  of  telegraphy  and  telephony  has  shown  that  the  proper 
method  of  connection  is  by  means  of  wires  to  a  central  station  from  each 
point  involved.  Wires  should  be  brought  from  each  room  to  a  switch- 
board in  some  convenient  place  where  they  can  be  connected  in  any  way 
desired.  A  switchboard  on  the  plan  of  a  telephone  switchboard  with 
56  terminals  is  used  at  Yale;  each  wire  is  joined  to  a  terminal  and 
numbered.  By  means  of  flexible  connectors  any  combination  desired 
can  be  made  and  yet  any  unused  wire  left  untouched.  The  wiring 
should  be  done  strictly  in  accordance  with  the  regulations  of  the  board 
of  underwriters,  a  copy  of  which  can  be  obtained  from  the  nearest  fire 
insurance  office.  It  is  not  advisable  to  use  wire  of  a  diameter  less  than 
2.7mm  (No.  12,  American  gauge). 
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(  '<  Ml  E<  riON    OF    APPARATUS. 

On  account  o(  moisture  and  dust  the  apparatus  should  not  be  kept  in 
rooms  frequently  used.  It  is  best  to  devote  a  special  room  to  this  pur- 
pose. The  floor  should  be  of  wood  and  the  cleaning  should  be  done 
with  a  moist  cloth.  The  cases  for  holding  the  instruments  are  to  be 
furnished  with  glass  doors  which  should  be  kept  tightly  closed.  Each 
piece  of  apparatus  should  have  a  name  or  a  number  and  a  specified  place 
in  the  ease  or  cases  :  small  gummed  labels  or  jeweller's  tags  are  useful  for 
this  purpose.  Small  cards  with  the  names  of  the  pieces  are  fastened  on 
the  shelves  of  the  case ;s  1>_\  card-pins. 

Each  piece  of  apparatus  should  be  entered  under  its  name  in  the  in- 
\  cntory  and  the  apparatus  book.  The  latter  should  contain  for  each  piece 
a  complete  record  of  its  purchase,  its  use,  its  constants,  where  it  is  to  be  sent 
for  repair,  where  to  obtain  parts,  where  to  find  literature  on  its  use,  etc. 
For  this  purpose  a  regular  letter  file  can  be  used  ;  all  the  data — bills, 
printed  descriptions,  etc. — can  be  filed  with  the  rest  of  the  account. 

Isolated  room. 

To  obtain  the  quiet  necessary  for  most  psychological  investigations  an 
isolated  room  may  be  provided,  where  the  person  experimented  upon 
can  be  kept  indefinitely  in  perfect  external  darkness  and  quiet.  A  de- 
scription of  the  Yale  room  and  suggestions  for  improvement  may  be 
.found  in  these  Studies,  1893  I  271,  1896  IV  16,  and  in  Scripturk's 
New  Psychology,  136,  London  1897. 

Other  rooms. 
The  other  rooms  will  vary  so  much  in  arrangement  with  the  construc- 
tion of  the  laboratory  that  little  can  be  said  definitely.  I  would  suggest : 
1.  an  optical  room  with  black  walls,  heliostat  window  and  photometer 
arrangements;  2.  a  time  room  with  clock,  chronograph,  chronoscope 
and  other  equipment ;   3.   a  photographic  room. 

Selection  of  apparatus. 
Let  us  suppose  that  the  appropriation  has  been  obtained  and  that  the 
director  has,  after  carefully  planning  an  ideal  laboratory,  made  up  his 
mind  to  adjust  himself  to  the  actual  situation.  The  next  thing  to 
do  is  to  select  apparatus.  For  this  purpose  he  should  obtain  catalogues 
from  the  chief  makers  and  also  lists  of  the  apparatus  possessed  by  other 
laboratories.  The  catalogues  should  be  carefully  studied.  The  di- 
rector must  at  any  time  know  just  where  to  obtain  each  piece  at  the  low- 
est price  for  the  best  quality.      For  example,  electrical  tuning-forks  will 
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be  described  and  illustrated  in  15  or  20  catalogues,  whereas  there  are  not 
more  than  two  places  from  which  they  can  be  bought  to  the  best  ad- 
vantage. The  list  of  needed  apparatus  is  finally  made  out  ;  when  added 
up,  it  will  be  found  to  be  four  or  five  times  the  entire  appropriation. 
A  process  of  selection  must  now  be  instituted.  I  venture  to  propose  a 
rule,  almost  self-evidently  proper,  yet  often  neglected  :  select  those  pieces 
that  for  each  dollar  of  cost  will  bring  a  maximum  return  in  time  of  use 
and  in  results  obtained.  For  example,  let  us  suppose  it  necessary  to 
choose  between  the  Ellis  harmonical  ($65)>  a  color-apparatus  for  ex- 
centric  parts  of  the  retina  (Si 5),  and  a  kymograph  (^175). 

It  would  hardly  be  justifiable  to  occupy  more  than  half  an  hour  of  a 
lecture-course  in  experiments  for  which  the  harmonical  can  be  used.  Let 
us  suppose  that  the  class  includes  forty  persons.  The  time-value  of  the 
harmonical  can  then  be  said  to  be  y2  x  40  =  20  efficient  hours  per  year. 
Let  the  deterioration  and  interest  on  investment  on  all  the  instruments  be 
placed  at  10%  per  year.  The  cost  of  the  harmonical  is  thus  $6.50  for  20 
hours,  or  about  So.  33  per  hour  per  student.  The  color  apparatus  would 
be  used  for  about  the  same  time,  giving  a  cost  of  $0.08  per  hour  per  student. 
The  kymograph  is,  as  we  all  know,  in  constant  demand  ;  in  a  busy  lab- 
oratory where  research  is  going  on  it  will  probably  be  used  not  less  than  2 
hours  per  day  for  35  weeks  of  the  academical  year,  or  over  400  hours  for 
research.  For  lectures  on  time,  memory,  motion,  etc.,  it  will  be  used  for 
a  total  of,  say,  5  hours  per  year  for  40  persons,  or  200  hours  more. 
This  makes  600  hours  per  year  for  S 1 7. 50  or  about  So. 03  per  hour.  Thus 
the  kymograph  is  ten  times  as  profitable  as  the  harmonical,  and  nearly 
three  times  as  profitable  as  the  color  apparatus. 

This  method  can  be  applied  to  every  piece  of  apparatus,  every  tool, 
every  piece  of  furniture,  etc.,  yielding  a  definite  answer  in  each  case. 
The  trouble,  of  course,  lies  in  estimating  beforehand  the  amount  of  use 
to  which  an  instrument  will  be  put.  The  success  with  which  this  is 
done  is  what  is  known  in  the  commercial  world  as  "  business  sagacity," 
"  business  tact  and  experience,"  etc. 

Perhaps  in  this  connection  it  may  be  desirable  to  state  the  results  of 
experience  at  the  Yale  laboratory  with  a  few  of  the  more  important  parts 
of  the  equipment.  One  of  the  most  profitable  parts  is  the  lantern  equip- 
ment, representing  an  investment  of  about  $400,  and  used  on  about  60 
occasions  per  year  for  periods  of  10  to  30  minutes  for  classes  of  60  to  130 
students.  Fully  as  profitable  is  the  lathe  equipment  ($100)  with  motor 
($150),  shafting,  belting,  grindstone  and  the  various  accessories.  The 
circular  saw  is  also  of  creditable  efficiency.  The  extensive  equipment  of 
small  tools  and  supplies  of  all  sorts  is  of  special  value  where  apparatus  is 
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made.  The  total  workshop  equipment  is  worth  about  $400  exclusive  of 
the  constantly  replenished  supplies  j  it  is  in  use  eight  hours  a  day  by  the 
mechanic  and  approximately  four  hours  a  day  by  workers  in  the  labora- 
tory. "When  we  consider  that  much  of  our  best  research  work  and  many 
of  our  demonstrations  would  be  impossible  without  the  aid  of  the  work- 
shop, we  are  forced  to  conclude  that  this  equipment  is  very  profitable  in 
spite  of  the  large  expense  for  wages  and  materials.  Moreover,  in  a  new 
science  where  new  pieces  of  apparatus  are  required  for  every  important 
advance,  the  cheapest  way  of  getting  such  apparatus  is  by  making  it  in 
the  laboratory.  In  regard  to  apparatus  such  high  returns  for  investments 
are  not  to  be  expected  ;  our  most  profitable  pieces  have  been  the  record- 
ing drum  for  hand  or  motor,  100  v.  d.  electric  fork,  spark  coil,  multiple 
key,  chronoscope,  kymograph,  piston  recorder,  etc.  Apparatus  used  for 
research  should  be  judged  by  the  value  of  the  results  obtained. 

In  business  there  are  losses  as  well  as  profits  ;  in  managing  a  laboratory 
we  cannot  always  make  the  most  judicious  selections.  Nevertheless,  by 
applying  these  principles  of  laboratory  economy  we  can  make  the  money 
invested  bring  much  larger  returns  than  by  spending  it  hap-hazard.  The 
difference  between  an  economically  managed  business  and  a  loosely 
managed  one  is  the  difference  between  success  and  failure.  Labora- 
tory economy  does  not,  after  all,  differ  fundamentally  from  business 
economy.  High  grade  efficiency  cannot  be  attained  anywhere  unless  the 
man  at  the  head  knows  his  business  down  to  the  minutest  details.  The 
best  laboratory  is  not  the  one  on  which  most  money  has  been  expended, 
but  is  the  one  that  yields  the  largest  net  result  in  scientific  research  and 
in  instruction  for  each  dollar  expended. 

Economy  in  investigation. 

In  a  large  laboratory  with  many  investigations  going  on,  it  becomes  a 
very  difficult  task  to  adjust  matters  economically.  Each  investigator 
thinks  only  of  his  own  needs  and  is  generally  oblivious  to  the  fact  that 
when  a  piece  of  apparatus  is  monopolized  by  him  it  is  lost  to  every  one 
else.  He  is  likely,  for  example,  to  set  up  the  kymograph  in  such  a  way 
that  no  one  else  can  use  it,  whereas  with  just  the  same  labor  it  might  be 
arranged  for  every  one.  He  should  be  taught  to  choose  and  arrange  his 
apparatus  so  as  to  produce  a  minimum  disturbance.  Suppose  that  he 
wishes  to  produce  a  click  for  a  warning-signal  and  that  there  are  two 
nders  and  only  one  relay  in  the  apparatus  case.  The  relay  is  generally 
the  easiest  to  adjust ;  by  taking  it,  however,  he  would  get  no  better 
sound  and  would  render  it  impossible  for  any  else  to  use  relay  currents. 
The  investigator  should  learn  to  use  the  cheapest  materials  at   hand.     If 
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for  example,  he  wishes  to  conduct  a  telephone-current,  he  should  not 
follow  his  first  impulse  to  use  very  large,  silk-covered,  expensive  flexible 
cords  made  for  incandescent  lamps,  but  should  content  himself  with  com- 
mon office  wire. 

Still  more  important  is  it  for  the  student  to  learn  how  to  plan  and 
execute  his  researches.  The  ignorant  method  of  piling  up  indiscriminate 
measurements  in  large  quantities  leads  to  nothing.  The  problem  for  in- 
vestigation should  be  first  definitely  stated.  As  soon  as  the  work  is  suffi- 
ciently advanced  to  involve  measurements,  the  investigator  should  make 
clear  to  himself  whether  the  work  is  to  consist  in  a  determination  of  a 
single  quantity  or  in  a  full  investigation.  In  the  former  case  he  must, 
before  making  his  final  measurements,  examine  and  consider  all  possible 
sources  of  error,  and  should  carefully  estimate  and  adjust  them  so  as  to 
obtain  the  required  degree  of  accuracy.  The  instructions  for  this  work 
and  for  carrying  out  the  measurements  are  to  be  found  in  Weinstein's 
Physikalische  Maassbestimmungen,  Berlin  1886,  Volume  I.,  to  page  282, 
omitting  certain  parts  that  refer  to  full  investigations.  In  the  case  of  a 
full  investigation,  where  the  object  is  the  determination  of  a  function  ex- 
pressing the  dependence  of  one  quantity  on  other  quantities,  the  work 
becomes  much  more  complicated.  The  student  should  be  familiar  with 
the  whole  first  volume  of  Weinsteix.  This  work  by  Weixstein  is 
rather  voluminous  and  it  contains  no  psychological  examples  ;  it  is  to  be 
hoped  that  a  smaller  work  on  the  subject  will  be  written  specially  for  the 
use  of  psychologists,  economists  and  biologists. 

Any  attempt  to  carry  out  serious  investigations  without  a  knowledge 
of  the  principles  involved  results  in  a  wasteful  piling  up  of  figures  with- 
out any  adequate  return  in  the  way  of  laws  or  facts  established.  Such 
an  extravagant  procedure  has  become  impossible  in  sciences  like  physics ; 
it  must  soon  become  so  in  experimental  psychology. 

The  proper  understanding  of  methods  of  measurement  and  investigation 
requires  a  familiarity  with  at  least  the  elements  of  analytical  geometry  and 
■calculus.  The  student  can  get  along  with  what  is  contained  in  Nernst- 
Schoenflies's  Einftihrung  in  die  mathematische  Behandlung  der  Natur- 
wissenschaften,  or,  in  regard  to  calculus,  with  Fisher's  Infinitesimal  Calcu- 
lus, although  a  more  extended  study  like  that  involved  in  working  through 
such  familiar  books  as  Stegemanx-Kiepert's  Differential-  und  Integral  - 
rechnung  or  Schloemilch's  Compendium  der  Analysis  with  the  examples 
given  by  Fuhrmann,  Naturwissenschaftliche  Anwendung  der  Differential- 
und  Integralrechnung,  is  highly  desirable.  Without  at  least  an  ele- 
mentary acquaintance  with  calculus  and  a  familiar  working  knowledge  of 
the  science  of  measurements  higher  scientific  work  will  remain  unintel- 
ligible and  inaccessible  to  the  student  of  experimental  psychology. 


N<  >TES. 

In  reply  to  requests  for  the  colors  of  the  glasses  employed  in  the  color- 
-  ght  tester  described  in  these  Studies,  1895  III  103,  the  following  com- 
plete list  is  given:  (1)  dark  gray:  (2)  ground  glass;  (3)  medium 
gray;  (^)red;  (2?)  ground  glass;  (C)  blue;  (Z>)  green;  (E) 
gi  en;  F)  brownish  yellow ;  (  G)  ground  glass  ;  (H)  gray  glass  ;  (7) 
green;  (/)  bluish  green  ;  (A')  red  ;  (Z)  violet.  This  arrangement  is 
made  for  reasons  that  will  become  evident  to  the  users  of  the  tester. 
When  the  test  is  being  made,  the  subject  should  be  made  to  promptly  call 
off  the  colors  in  the  order  1,  2,  3.  The  dichromats  of  the  first-class 
(Seebeck),  or  the  so-called  green-blind,  make  mistakes  on  light  green 
and  dark  red  ;  those  of  the  second  class,  or  the  red  blind,  make  mistakes 
on  the  light  red  and  dark  green.  Both  classes  almost  invariably  call  the 
violet  "blue."  Plain  dark  grays  will  be  frequently  called  green  by  the 
first  class,  and  red  by  the  second.  These  results  hold  good  for  the  color- 
weak  of  both  classes,  provided  the  instrument  is  used  in  a  properly 
moderate  light,  for  example,  not  in  sunlight. 

In  order  to  advance  psychological  work  at  this  period  when  good 
special  instruments  are  hardly  obtainable,  the  Director  of  the  Yale 
Laboratory  offers  to  furnish  to  experimental  psychologists — as  far  as 
may  be  practicable — blue-prints  of  the  working-drawings  of  any  of  the 
special  Yale  pieces.  A  nominal  charge  of  ten  cents  each  will  be  made  to 
cover  the  cost  of  paper  and  mailing.  The  instruments  can  be  made  from 
these  drawings  by  any  laboratory  possessing  a  mechanic.  These  drawings 
will  not  be  supplied  to  apparatus-makers  or  other  persons  than  psycholo- 
gists except  in  special  cases. 

The  following  changes  and  corrections  are  to  be  made  in  the  Elementary 
course  in  psychological  measurements  published  in  these  Studies,  1897 
IV. 

Page  89,  in  line  9  from  bottom  read  "  for  about  two  or  three  hours 
each." 

Page  102,  the  formulas  in  the  middle  of  page  should  read 

2  2 

Page  122,  in  lines  3  and  7  from  top,  and  in  line  marked  D,  read 
"Ex.  IX."  instead  of  Ex.  VI. 
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Page  122,  lines  8  and  9  from  top  should  read  :  "The  4A  current  is 
sent  through  the  break  contact  of  the  key  and  the  spark  coil  in  the  way- 
explained  in  Ex.  IX  ;  the  condenser  is  connected  around  the  key  as 
usual." 

Page  122,  in  the  line  marked  G  insert  70' after  the  word  "sounder." 
Page  123,  in  the  last  line  of  the  specimen  record  the  decimal  point 
has  been  omitted  in  two  cases;  they  should  read  — 4.6  and  —  8.7  instead  of 
—  46  and  —  87  respectively. 

Page  129,  the  last  lines  of  paragraph/  should  read  "Place  the  second 
contact  at  8o°,  then  at  i2o°and  then  at  1600  ;  draw  zero-lines  as  before." 
Page  138,  in  line  8  from  the  bottom  change  *4  meter  to  "  1  meter." 
Page  139,  in  line  21  change  }4w  and  y2n  to  "  12;//  "  and  "  1  2//." 
Page  139,  in  line  16  change  2m  and  2ti  to  "  1   2m  "  and  "  1   2//." 
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